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PREFACE 

Basic Electronics, is written for men of the U. S. Navy and Naval 
Reserve whose duties require them to have a knowledge of the funda- 
mentals of electronics. Electronics is defined as the science and tech- 
nology that is concerned with devices involving the emission, behavior, 
and effect of electrons in vacuums, gases, and semiconductors. Tech- 
nically speaking, electronics is a broad term extending into many fields of 
endeavor. Today, electronics projects itself into Navy life at every turn. 
It aims guns, drops bombs, navigates ships, and helps control engineering 
plants. It is therefore important to become well informed in basic elec- 
tronics in order to be able to qualify for any of the many applicable rates 
or ratings. 

As one of the Navy Training Courses, this book was prepared by 
the U. S. Navy Training Publications Center, Washington, D. C, for the 
Bureau of Naval Personnel. 
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THE UNITED STATES NAVY 

GUARDIAN OF OUR COUNTRY 

The United States Navy is responsible for maintaining control of the sea 
and is a ready force on watch at home and overseas, capable of strong 
action to preserve the peace or of instant offensive action to win in war. 

It is upon the maintenance of this control that our country's glorious 
future depends; the United States Navy exists to make it so. 

WE SERVE WITH HONOR 

Tradition, valor, and victory are the Navy's heritage from the past. To 
these may be added dedication, discipline, and vigilance as the watchwords 
of the present and the future. 

At home or on distant stations we serve with pride, confident in the respect 
of our country, our shipmates, and our families. 

Our responsibilities sober us; our adversities strengthen us 

Service to God and Country is our special privilege. We serve with honor. 

THE FUTURE OF THE NAVY 

The Navy will always employ new weapons, new techniques, and 
greater power to protect and defend the United States on the sea, under 
the sea. and in the air. 

Now and in the future, control of the sea gives the United States her 
greatest advantage for the maintenance of peace and for victory in war. 

Mobility, surprise, dispersal, and offensive power are the keynotes of 
the new Navy. The roots of the Navy lie in a strong belief in the 
future, in continued dedication to our tasks, and in reflection on our 
heritage from the past 

Never have our opportunities and our responsibilities been greater. 
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CHAPTER 1 

OPERATING PRINCIPLES OF THE ELECTRON TUBE 



INTRODUCTION 

Basic Electronics, NavPers 10087- A, pre- 
sents many of the basic concepts in the field of 
electronics. Emphasis is placed primarily on 
the theory of operation of typical electronic 
components and circuits that have frequent 
application in naval electronic equipments. The 
description of specific equipments is left to the 
rating texts. 

This training course is intended as a basic 
reference for all personnel of the Navy whose 
duties require them to have a knowledge of 
the fundamentals of electronics. However, it 
is not intended that each rate of each rating 
concerned must study every chapter in the 
book. The chapters on amplifiers, for example, 
includes an introductory chapter which will be 
useful to all who are concerned with amplifiers, 
plus two other chapters which cover d-c ampli- 
fiers and audio-power amplifiers which will be 
necessary only for those who service and 
maintain those types of equipment. For example 
the AT, ET, and FT ratings will use the entire 
training course whereas the IC, EM, and AE 
will use only the pertinent chapters. A detailed 
study guide will be found in Training Publica- 
tions for Advancement in Rating, NavPers 
10052. 

In general, irrespective of the field, elec- 
trical networks comprise not more than four 
fundamental qualities— resistance, inductance, 
capacitance, and control devices such as vacuum 
tubes. Basic Electronics discusses the action 
of circuits and components in terms of these 
fundamental concepts and applies Ohm's law to 
the solution of related problems. 

This training course introduces the subject 
of electronics as it is applied to electron tubes 
and power supplies. It then applies the concept 
of resonance, which is a basic quality of tuned 
circuits. Elementary mathematics, including 
algebra, geometry, and trigonometry is used to 
illustrate circuit behavior. Algebraic deriva- 



tions are provided for those equations that re- 
quire explanation. It should be understood, 
however, that the formula derivations are in- 
cluded only to strengthen the background of un- 
derstanding of why particular components be- 
have as they do under different circuit 
conditions. Those who find the formula der- 
ivations too difficult to follow should not be 
discouraged. If the reader acquires an un- 
derstanding of what the characteristics of par- 
ticular circuits are and how the circuits behave, 
he is getting the main points. In other words, 
he can study most parts of this text with or with- 
out the mathematical derivations of formulas; 
he will acquire more understanding of the funda- 
mentals of electronics if he uses both text and 
formulas. Throughout the text, emphasis is 
placed on circuit behavior. 

A knowledge of the principles of basic elec- 
tricity is especially important to an understand- 
ing of basic electronics, and the student is 
urged to familiarize himself with these prin- 
ciples before attempting to read Basic Elec- 
tronics. 

This training course begins with a discussion 
of electron tubes, followed by their action in 
power supplies, amplifiers, and oscillators. 
Chapter 3 discusses tuned circuits as applied 
to band-pass and band-stop filters and to 
inductively coupled circuits. 

The central portion of the text includes a 
discussion of modulation, detection, transmit- 
ters, receivers, antennas, and radio wave propa- 
gation. 

The text concludes with a discussion of 
electronic test equipment, an introduction to 
radar, introduction to transistors, and digital 
computers. 

The student is urged to study this training 
course thoughtfully and deliberately with pencil 
and paper at hand, and refrain from skimming 
the text. It is hoped that the rhyme, "This is 
the age of the half-read page," will not apply 
to those who read Basic Electronics. 
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The electron tube is considered primarily 
responsible for the rapid evolution of electronics 
to its present stage. It is one of the basic 
components of almost every piece of electronic 
equipment. Without the discovery and develop- 
ment of the electron tube, elaborate yet compact 
equipments, such as radio, radar, and sonar 
would not have been possible. It should, there- 
fore, be apparent to the student that, in order 
to have a clear concept of electronic theory 
and the operating principles of electronic 
equipment, electron tube principles are of 
utmost importance. 

The electron tube is made up of a highly 
evacuated glass or metal shell, which encloses 
several elements. The elements consist of the 
(cathode) emitter, the plate and sometimes one 
or more grids. Another element of importance 
in many tubes is the heater, sometimes called 
filament, which serves to heat the emitter. 

Electron tubes are of many types and desig- 
nations and perform many functions. They can be 
made to (1) convert currents and voltages from 
one waveform to another, (2) amplify weak sig- 
nals with minimum distortion, and (3) generate 
frequencies much higher than any conventional 
a-c generator. 

DIODES 

The simple 2-electrode tube contains a heated 
cathode and a cold plate. DI is a prefix sig- 
nifying two. ODE is the suffix as in electrode, 
cathode, and anode. The plate collects electrons 
when the cathode is heated in a vacuum, and a 
positive potential exists on the plate with respect 
to the cathode. 

CONSTRUCTION 

The original diode was constructed by 
Thomas Edison, inventor of the incandescent 
electric lamp, shortly after his invention of the 
lamp itself. He added a metal plate inside his 
evacuated lamp and provided an external ter- 
minal from it for use as an electrode. Then he 
used his heated filament as another electrode 
and arranged that diode as we shall describe for 
figure 1-2. A modern version of Edison's diode 
is shown in figure 1-1,A, with its two elements 
indicated as plate and filament, respectively. 

Another modern version of a diode is shown 
in figure 1-1,B. Its filament serves only as 
a heater. 
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Figure 1-1. -Cutaway of 2-element tubes. 

In an electrical circuit the two electrodes of 
a diode act in the manner of a valve (actually 
called a valve by the British instead of a tube). 
Let us look for this property as we examine 
figure 1-2. 

OPERATION 

The behavior of a diode is observed after 
connecting the plate and emitter elements in 
series with a battery and milliammeter, as 
shown in figure 1-2, carefully observing polarity 
changes of that battery when used in arrange- 
ments A and B, respectively. The emitter is 
brought up to normal temperature by applying 
rated voltage across the heater terminals. If 
the battery is connected so that the plate is 
positive with respect to the emitter (fig. 1-2,A), 
the meter will indicate a current flow. This 
phenomenon, the emission of electrons from hot 
bodies, first observed by Edison in 1883, is 
known as the Edison effect. However, if the 
battery is reconnected (fig, 1-2, B) so that the 
plate is negative with respect to the emitter, 
the meter will indicate no plate current flow. In 
chapter 3 you will learn how the battery in 
figure 1-2 is replaced with an alternating voltage 
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Figure 1-2.— Action of diode. 

source to use this one-way conduction of the 
diode for converting alternating current into 
direct current. 

Let us return to figure 1-2,B, and learn 
why the meter fails to show a flow of current. 
The total number of electrons emitted by the 
hot electrode at a given operating temperature 
is always the same regardless of the plate 
voltage. This same condition exists regardless 
of plate polarity because the electrons fly into 
the space surrounding the emitter to produce 
a cluster or cloud, which is in turbulence 
(great agitation). This cloud constitutes a 
negative space charge that constantly tends to 
repel the electrons toward, and into, the emitter 
as fast as they are being emitted. The negative 
charge on the plate of figure 1-2,B, only repels 
the nearby electrons within the cloud, but the 



action is so effective that none of the electrons 
reaches the plate (regardless of amount of 
voltage) as long as the plate remains negative. 

Now let us return to figure 1-2,A. With 
low values of positive plate voltage, only those 
electrons of the space-charge cloud that are 
nearest to the plate are attracted to it, and 
the plate current is low. As the plate voltage 
is increased (the cathode temperature remaining 
constant), greater numbers of electrons are 
attracted to the plate and, correspondingly, 
fewer of those being emitted are repelled back 
into the cathode. 

Eventually a plate voltage value (saturation 
voltage) is reached at which all the electrons 
being emitted are in transit to the plate, and none 
are repelled back into the cathode. The corre- 
sponding value of current is called the saturation 
current. Any further increase in plate voltage 
can cause no further increase in plate current 
flowing through the tube. 

The relation between the plate current in a 
diode and the plate potential for different cathode 
temperatures for oxide-coated, tungsten, and 
thoriated-tungsten cathodes is shown in figure 
1-3. At high plate voltages the flow of plate 
current Is practically independent of plate 
voltage but is a function of the cathode tempera- 
ture. However, at lower values of plate voltage 
the plate current is controlled by the voltage 
between the plate and cathode and is substan- 
tially independent of the cathode temperature. 
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Figure 1-3.— Diode plate -current plate -voltage 
characteristic curves for various operating 
temperatures. 
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In other words, with a fixed plate voltage, 
electron emission and plate current will increase 
with cathode temperature until at some value of 
temperature the plate current is limited by the 
space charge. Thus, more electrons are being 
emitted by the cathode than are being attracted 
by the plate. Continued increase of cathode 
temperature fails to produce any further in- 
crease in plate current. The temperature at 
which the plate current stops increasing is 
called the saturation temperature. 

The dotted portion of the characteristic 
curves is representative of tungsten and 
thoriated-tungsten emitters, and the solid curves 
are typical of oxide-coated emitters. It is un- 
likely that the plate current in a tube employing 
an oxide-coated emitter will ever be entirely 
independent of the plate voltage. Before the 
plate voltage could be increased sufficiently 
to produce emission saturation it is probable 
that the cathode would be damaged seriously. 

TYPES 

Diodes that have been discussed thus far are 
of the high- vacuum type. There are other types 
of diodes that contain gas at a relatively low 
pressure. For example, hot-cathode mercury- 
vapor rectifier tubes are used to provide plate 
power for transmitters. In other applications 
cold-cathode diodes containing gas at low pres- 
sure are used as voltage regulators, relaxation 
oscillators, and transmit-receive switching de- 
vices. 

The original use of the word, diode, was 
restricted to vacuum tubes. Scientific research 
has extended our knowledge about other products 
that have identical properties of those earlier 
diodes, although they are not vacuum tubes. In 
the next chapter you will learn about semicon- 
ductor diodes that are identified by their pre- 
dominating constituent as silicon diode, german- 
ium diode, and selenium diode. The modern 
definition of diode, therefore, omits the earlier 
restriction that confined it to the vacuum tube. 

USES 

Since current can flow in only one direction 
through a diode its basic use is as a rectifier. 
If the battery in figure 1-2 is replaced with an 
alternating voltage source, current will flow 
through the load resistor in the plate lead only 



on alternate half cycles— when the plate is posi- 
tive with respect to the cathode. This uni- 
directional characteristic of the diode is also 
used when the tube is employed as a detector. 

A partial listing of other important uses of 
diodes includes clamper circuits, clippers, 
frequency converters, d-c restorers, frequency 
multipliers, harmonic generators, limiters, 
logic circuits in electronic computers, noise 
limiters, photo diodes, thermistors, voltage 
regulators, and volume expanders. 

TYPES OF EMITTERS 

Only a few substances can be heated to the 
high temperatures that are required to produce 
satisfactory thermionic emission without melt- 
ing. Tungsten, thoriated-tungsten, and oxide- 
coated emitters are the only types that are com- 
monly used in electron tubes. 

TUNGSTEN EMITTERS 

Tungsten has a great durability as an emitter 
but requires a large amount of heating power and 
a high operating temperature for satisfactory 
emission. Tungsten cathodes are used primarily 
in high-power electron tubes like those in high- 
power radio transmitting equipment. 

THORIATED-TUNGSTEN EMITTERS 

A thoriated-tungsten emitter has a thin layer 
of thorium on the surface of the tungsten. The 
layer of thorium is monomolecular— that is, 
only 1 molecule thick. Thoriated-tungsten cath- 
odes have greater electron emission at a lower 
operating temperature than a cathode of pure 
tungsten and are normally used in tubes that 
are operated at plate voltages of 500 to 5,000 
volts. Tubes such as the 860 and 861 use this 
type of emitter. These tubes and others like 
them are used extensively in low-power radio 
transmitters. 

OXIDE-COATED EMITTERS 

Oxide-coated emitters consist of metal, such 
as nickel, coated with a mixture of barium and 
strontium oxides, over which is formed a mono- 
molecular layer of metallic barium and stron- 
tium. This is the most efficient type of emitter. 
It operates at a lower temperature than tungsten 
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or thoriated- tungsten and therefore requires 
less power, resulting in a longer life at a higher 
emission efficiency. It is used in almost all 
types of receiving tubes. 

The graphs in figure 1-4, A, show electron 
emission as a function of cathode temperature 
for the three types of emitter materials discussed 
in this chapter. The temperature at which 
emission becomes appreciable is called the 
normal operating temperature. The emitter 
comprises the cathode of the electron tube. 
The emission efficiency of the three types of 
emitter materials is shown in figure 1-4,B. 
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Figure 1-4. -Emission vs temperature curves 
for three types of emitters. 

HEATING THE EMITTER 

The electron-emitting cathodes of electron 
tubes are heated in two ways— directly, and 



indirectly. A directly heated emitter receives 
its heat by the passage of a current through the 
filament itself which serves as the cathode. An 
indirectly heated cathode comprises a metal 
sleeve that surrounds the filament but is elec- 
trically insulated from it. The sleeve serves 
as the cathode emitter and receives its heat 
mostly by radiation. Both types are shown in 
figure 1-5. 




OXIDE -COATED 
EMITTER SLEEVE 



HEATER 
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13.21 

Figure 1-5.— Methods of heating the cathodes of 
electron tubes. 

Directly heated cathodes are generally em- 
ployed in portable equipment that is supplied 
from batteries. The d-c filaments of these 
tubes are so constructed that the drain on the 
filament battery will be low. Indirectly heated 
cathodes would require too much power for heat- 
ing purposes. Because the filament current is 
steady, the heating is uniform; and the filament 
cross section is relatively small compared with 
a-c filaments. Directly heated a-c filaments 
require relatively large cross sections to re- 
duce the temperature variations that occur at 
twice the power frequency. When a-c power is 
available, it is common practice in receiving 
equipment to employ indirectly heated cathodes. 
The cathode in this type of tube is isolated 
from the a-c- heater supply and therefore hum 
occurring at the power frequency (or at twice 
the power frequency) is largely eliminated. 

PHYSICAL CHARACTERISTICS OF 
ELECTRON-TUBE MATERIALS 

The outer walls of an electron tube are 
constructed either of thin glass or metal. 
The larger the tube, the thicker the glass must 
be because of the greater weight of the atmos- 
phere to be sustained on the walls of the tube. 
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Evacuation of air from a tube is required 
for two reasons— to prevent destruction of the 
cathode and heating element by oxidation or 
burning, and to allow the flow of current from 
cathode to plate without colliding with gas 
particles. The lightest gas particle is ap- 
proximately 1,800 times as heavy as an elec- 
tron; thus a gas molecule would divert an 
electron upon impact and make the current flow 
erratic. 

High vacuum is produced by burning a small 
amount of magnesium or barium, known as a 
"getter," inside the tube after it has been 
sealed off from the outside air and after most 
of the air has been removed with high-vacuum 
pumps. The getter is ignited by means of a 
high-frequency coil which is placed around the 
electron tube. The high-frequency field induces 
eddy currents in the metal within the tube. 
TTiese eddy currents heat up a metal cap which 
contains a small charge of gun powder. This 
heat fires the magnesium getter and combines 
with gas left in the tube to form a silvery deposit 
on the inner walls. This deposit of magnesium 
carbonate occupies much less space than did 
the gas, hence the degree of vacuum is increased. 

The external leads from the tube are elec- 
trically welded to the tube elements and brought 
out at the bottom through a special glass-metal 
fusion to make the envelope airtight. In metal 
tubes a glass button is used at the base to af- 
ford electrical insulation. The materials se- 
lected for the external leads have nearly the 
same coefficient of expansion as that of glass. 
Thus during heating and cooling periods, the 
glass expands and contracts the same amount 
as the metal and the vacuum seals are main- 
tained. 

Metal tubes are an outgrowth of the compet- 
itive field in tube manufacturing. They are 
designed to act as a shielded unit (the same as 
a glass tube with an external shield placed over 
it). The shield on a tube acts primarily to 
prevent the introduction of stray fields within 
the envelope where induced voltages might be 
amplified many times, thus causing distor- 
tion in the output stages. There are a few 
circuits in electronic equipments where metal 
and glass tubes cannot be interchanged. Before 
making an interchange, the technician should 
always investigate. 

The spacing of the electrodes in a tube is 
dependent on many factors but the two most 



important are frequency utilization and inter- 
electrode voltages. 

The anode (plate) is made of materials that 
will not emit electrons by thermionic means at 
normal tube operating temperatures. Metals 
used as plates include iron, nickel, carbon, and 
tantalum. The plate is mounted externally with 
respect to the cathode. It is electrically in- 
sulated from the cathode and usually surrounds 
it in order to receive all of the cathode field 
of emission. The plate usually has a dark 
surface to radiate the heat caused by the plate 
current. 

Electron tubes are identified by a number or 
a combination of numbers and letters. So many 
different types of tubes have been introduced that 
it has become impossible to adhere rigidly to 
the system as it was originally set up. How- 
ever, some of the ideas contained in the original 
system have been followed for many years. In 
the old system, the type number is divided into 
four parts. First, a number consisting of one 
or more digits designates the filament or heater 
voltage. Second, one or more letters designate 
the type or function of the tube. Third, a number 
designates the number of useful elements in the 
tube. Fourth, one or more letters designate the 
size or construction. For example, the type 
6SK7 electron tube is a variable-mu pentode. 
The number 6 designates a filament voltage of 
6.3 volts; the letter S denotes a single-ended 
construction (no grid cap) and inter-lead shields; 
the letter K designates variable-mu charac- 
teristics; the number 7 designates seven con- 
nections to elements of the tube; the GT desig- 
nates that it is a glass tube. 

TYPES OF EMISSION 

Electrons flow within a conductor when a 
potential difference is applied across the ter- 
minals of the conductor. These electrons break 
away from the outer shells of their parent atoms 
and move with a rapid vibratory motion, the 
velocity of which increases with temperature. 
At ordinary temperatures the particles do not 
leave the surface of the conductor because 
their velocity is not great enough to overcome 
the attractive forces within the conductor. 

To escape from a metallic surface, elec- 
trons must do work to overcome the forces 
of attraction which are always present. This 
amount of work is called the work function 
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of the material. Increasing the heat intensity 
of a metallic emitter increases the kinetic 
energy of the so-called free electrons in the 
material. 



THERMIONIC EMISSION 

Thermionic emission is the process by which 
electrons gain enough energy by means of heat 
to escape from the surface of the emitter. 
Thermionic emission is the type of emission 
most frequently employed in electron tubes. 



PHOTOELECTRIC EMISSION 

An emission of electrons can also be caused 
by light strikingthe surface of certain materials. 
This type of emission is called photoelectric 
emission. The energy of the light rays striking 
the substance is imparted to electrons on the 
surface. If the energy acquired by the electrons 
is sufficient, the force thus acquired will over- 
come the attractive forces at the surface and 
the electrons will escape from the substance. 
The velocity at which the electrons are emitted 
is directly proportional to the light frequency 
of the radiant energy striking the material; 
therefore, the higher the light frequency (shorter 
the wavelength) the greater is the velocity of 
emitted electrons. The number of electrons 
emitted is directly proportional to the intensity 
of the light. Materials that are particularly 
sensitive to light are zinc, potassium, and the 
other alkali metals. Two of the principal uses 
of photoelectric emission are photoelectric cells 
and television camera, or iconoscope, tubes. 



SECONDARY EMISSION 

Emission of electrons from a body caused by 
the impact of other electrons striking its sur- 
face is called secondary emission. If a stream 
of electrons flowing at a high velocity strikes 
a material, the force may be great enough to 
dislodge other electrons on the surface. Second- 
ary emission is not commonly used as a source 
of electrons. However, it does occur spon- 
taneously in tubes and must be controlled. 
This problem is discussed later in this chapter. 



TRIODES 

CONSTRUCTION 

The triode, or 3-element electron tube, is 
similar in construction to the diode, except that 
a grid of fine wire is added between the cathode 
and the plate. The addition of the grid gives to 
the tube its most useful function— the ability to 
amplify. It is common practice to make the grid 
in the form of a spiral helix of circular or el- 
liptical cross section with the cathode at the 
center. Other arrangements, however, may be 
used provided the essential requirement of 
being able to control the flow of plate current 
is met. The space between the meshes is suf- 
ficiently large not to block the flow of electrons 
from cathode to plate. On the other hand, the 
grid mesh is sufficiently small and close enough 
to the cathode to control effectively the flow of 
plate current when the proper voltage is applied 
between the grid and cathode. The grid is called 
the control grid (Gj) to distinguish it from other 
grids that are used in multi-element tubes. 

The construction features of a typical triode 
are shown in figure 1-6. Electrical connections 
to the grid and plate are made through the base 
pins and support wires. The cathode sleeve is 
insulated from the filament and is connected by 
means of a short lead to one of the base pins. 
The grid is seen to be much closer to the cathode 
than to the plate. 

OPERATION 

Plate current in a given diode depends on the 
plate voltage and the cathode temperature. Plate 
current in a triode depends not only on these 
factors, but also on the grid-to- cathode voltage. 
A small change in grid voltage causes a relatively 
large change in plate current. The effective 
grid control of plate current is caused by its 
close proximity to the cathode and its placement 
in a region of the heaviest negative space charge. 
A small change in grid voltage will produce the 
same variation in plate current that is produced 
by a much larger variation in plate voltage. If 
the grid- to- cathode voltage is increased suf- 
ficiently and the grid is negative with respect 
to the cathode, plate current will stop flowing. 
The smallest voltage between grid and cathode, 
with the grid end negative, that will cut off 
the flow of plate current is called the cutoff 
bias. 
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Figure 1-6.— Representative triode. 

Figure 1-7 indicates the effect on plate cur- 
rent of making the control- grid voltage progres- 
sively less negative with respect to the cathode. 
When the negative bias is high (cutoff or higher), 
as in figure 1-7,A, no plate current flows be- 
cause the negative charge on the grid is suf- 
ficient to repel the electrons back toward the 
cathode. As the bias is reduced (fig. 1-7,B) 
more electrons pass through the grid spaces 
on their way from the cathode to the plate. 
With zero bias (fig. 1-7,C) the grid has little 
or no control on the electron flow to the plate, 
and the triode operates much the same as a 
diode. As long as the grid is negative with 
respect to the cathode, no grid current flows 
and no power is consumed in the grid circuit. 

If the grid is made positive with respect to 
the cathode the electrons in the space charge 
are accelerated toward the plate. Some of them, 
however, will be attracted to the grid, and grid 
current will flow, the amount depending on the 
magnitude of the positive voltage on the grid. 
Power will then be dissipated in the grid circuit. 
When this power dissipation is undesirable, the 
grid bias is increased to the point where the 
peak positive a-c signal voltage will not cause 
the grid to be positive with respect to the cathode 
and no grid current will flow. 

AMPLIFICATION 

The grid may be considered as an electronic 
control valve that regulates the flow of electrons 
through the tube and through the load in the plate 
circuit. Thus an a-c signal of sine waveform 



appearing in series with the grid bias causes 
the plate current to vary in the same manner. 
The variations in plate current through the plate 
load are accompanied by corresponding varia- 
tions in plate voltage. These plate voltage and 
current variations constitute the output signal of 
the stage. A relatively small variation in grid 
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Figure 1-7.— Effect of control-grid voltage on 
plate current. 
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input signal is accompanied by a relatively large 
variation in output signal. Thus the grid signal 
is said to be amplified in the plate circuit. 

TUBE CHARACTERISTICS 

The characteristics of electron tubes with 
cathode, grid, and plate elements involve the 
relation between grid voltage, plate voltage, 
and their resulting plate current. Their respec- 
tive symbols are 

eg = grid voltage 
ep = plate voltage 
ip = plate current 

Notice that the symbol, e, represents any 
chosen voltage value, and, i, indicates any value 
of current. The subscript symbols, g and p, 
identify the grid circuit and plate circuit, re- 
spectively. If the Greek letter A (delta) is 
used to symbolize the phrase, a small change 
in, then: 

Aeg = a small change in grid-circuit voltage 
Ae p = a small change in plate-circuit voltage 
Aip = a. small change in plate-circuit current 

The above values are always subject to 
changes. Therefore, they are classed as vari- 
able characteristics. However, the relation- 
ships between them often produce unchanging 
(that is, constant) characteristics. 

The three important constant characteristics 
of a triode (as well as other tubes to be described 
later) are amplification factor, designated y. ; a-c 
plate resistance, designated rp; and transcon- 
ductance, designated g m . 

The parameters are determined from the 
linear portions of a characteristic curve unless 
there is a specific demand for producing a 
variable parameter as, for example, in 
"variable-mu tubes" where a variable ampli- 
fication factor is desired. Then the nonlinear 
characteristic portion of the curve is employed. 
Variable-mu tubes are explained later in this 
chapter. 

Linear and nonlinear characteristic curves 
can be of either the static or the dynamic type. 
Both static and dynamic characteristic curves 
exist for each electron tube. They differ in 
shape as well as in the actual values they 
represent. A simple explanation of the dif- 



ference between these two types of curves is 
that in static characteristics the values are ob- 
tained with different d-c potentials applied be- 
tween grid, cathode, and plate, and the results 
are not typical of actual circuit operation. The 
dynamic characteristics are the values obtained 
with both a-c and d-c components present as in 
actual operation. The static characteristics 
provide an understanding of how the tube itself 
operates and are discussed in this chapter. 

The first characteristic, which is a measure 
of the voltage amplification of which a tube is 
capable, is known as the amplification factor, 
designated (pronounced mu). It is the ratio 
of the increase in plate voltage to the increase 
in grid voltage required to produce the same 
change in plate current. An ip-Cg character- 
istic for a triode is shown in figure 1-8. A 
value of plate voltage, ep, is selected and the 
grid voltage, eg, is adjusted to operate the tube 
at point A on the curve (with a 6-volt eg, let 
us say for example, while the e p is 200 volts). 

Next, the value of e g is changed a specific 
amount (either increased or decreased, but for 
our example let us choose a decrease from -6 
volts to -4 volts, thus giving A eg a value of 
2 volts, and the plate current has increased 
from point A to point B. The resulting A ip is 
shown in figure 1-8. 

The plate current can be reduced to its 
original value by reducing the plate voltage, 
e p , from 200 volts to 160 volts (point C) thus 
giving A©p a value of 40 volts. 

The obvious conclusion is now reached that 
A eg (a value of 2 volts) produces the same effect 
as if it were A e p (a value of 40 volts). 

The amplification factor is determined by the 
ratio of A ep to A eg, and is expressed as 

M = - f P* (ip constant) 

A e g 

The minus sign indicates that the changes in 
plate and grid voltages are in opposite directions. 
Triodes have practical amplification factors of 
from 3 to 100. 

A second important characteristic is the 
variational, or a-c plate resistance, designated 
rp. It is the ratio, for a constant grid voltage, 
of a small plate voltage change, A ep, to the 
resulting small plate current change, a ip- It 
is expressed in ohms when A e p is in volts and 
A ip is in amperes. Three ip-e p character- 
istic curves for a triode are shown in figure 
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Figure 1-8.— Triode ip-e g curve. 

1-9. The middle curve is arbitrarily chosen 
and the grid bias of -2 volts held constant as 
the plate voltage is adjusted to operate the 
tube at point A # The plate voltage is increased 
an amount A e p so that the tube now operates 
at point B. The ratio of this small increase in 
plate voltage, A ep f to the small increase in 
plate current, A ip, which it produces is a meas- 
ure of the variational, or a-c, plate resistance. 
Thus, 



A*p 



(eg constant) 



A third characteristic used in describing 
the properties of electron tubes is the grid- 
plate transconductance, designated g m . It is 
defined as the ratio, with plate voltage held 
constant, of a small change in plate current to 
the small change in grid voltage that causes 
the change in plate current. It is usually ex- 
pressed in micromhos. The mho is the unit of 
conductivity and is the reciprocal of the ohm, 

I 



The word, mho, is ohm, spelled backward. 



We recall that figure 1-8 shows the i p -eg 
characteristics for a triode. In a middle 
curve of this figure the plate voltage is held 
constant at 200 volts and the grid voltage is 
adjusted so that the tube is operated at point 



A. The grid voltage is reduced an amount, 
Ae g , and the tube then operates at point B. 
The ratio of the small change in plate cur- 
rent, A ip, to the small change in grid volt- 



ip, 

age, A e g , 
that is, 



indicates the transconductance— 



Sm 



A e g 



(e p constant) 



If i p is expressed in amperes and e g in volts, 
g m must be multiplied by 1,000,000 to express 
the result in micromhos. 

These tube characteristics are interrelated 
and depend primarily upon the tube structure. 
This relation is defined by the expression 



|i = g; 



m r p> 



where g m is in mhos and rp is in ohms. 



DISTORTION 

Figure 1-10 illustrates the effects on the 
output current curve of shifting the bias from a 
value that allows the tube to operate on the 
straight portion of the ip-eg characteristic 
curve to a value that forces it to operate on 
the nonlinear portion of the curve. When the 
operating bias is at point A (-3 volts), the 
grid-voltage variation is within the limits of 



e g CONSTANT 




20.6 



Figure 1-9.— Triode i p -e p curve. 
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the straight-line portion of the characteristic 
curve and the plate current faithfully repro- 
duces the grid-voltage waveform. However, 
if the fixed bias is increased to point B (-7 
volts), the amplitude of the output waveform is 
considerably distorted. The extent of this dis- 
tortion depends upon the actual biasing point of 
the tube and the extent of the grid-voltage 
swing. 

The point on the zero axis intersected by the 
characteristic curve (point C in figure 1-10) 
is commonly known as the cutoff point. An 
amplifier biased to cutoff functions much as 
a diode rectifier because only alternate half 
cycles are reproduced in the output circuit. 
When an amplifier is biased well beyond cutoff 
and is driven with an excessively large input 
grid voltage, only that part of the grid- voltage 
waveform extending into the operating region of 
the characteristic curve is reproduced in the 
output. The input signal is thus distorted in the 
output because only a small portion is amplified. 
Other forms of the distortion are treated in 
the chapters on electron- tube amplifiers. 

INTERELECTRODE CAPACITANCE 

Capacitance exists between any two metal 
surfaces separated by a dielectric. The amount 
of capacitance depends upon the area of the 
metal surfaces, the distance between them, and 
the type of dielectric. The electrodes of an 
electron tube produce a similar characteristic, 
known as interelectrode capacitance, which is 
illustrated schematically in figure 1-11. The 
capacitances that exist in a triode are the 
grid-to-cathode capacitance, the grid-to-plate 
capacitance, and the plate -to- cathode capaci- 
tance. 

The shunting effect of the interelectrode 
capacitance of a tube is increased when the 
electrodes are connected to a circuit having 
grid, plate, and cathode leads of appreciable 
length. The capacitance is increased because of 
the increase in area afforded by the conducting 
surfaces comprising the circuit wiring, tube 
bases, sockets, and so forth. 

At low and medium frequencies the inter- 
electrode capacitances, as well as the distrib- 
uted capacitances due to circuit wiring, have 
only a slight shunting effect because the re- 
actance at these frequencies is high compared 
with that of other circuit components. 
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Figure 1-10.— Nonlinear operation due to exces- 
sive bias. 

At high frequencies the interelectrode and 
distributed capacitances cause appreciable 
shunting effect because of the reduced reactance 
offered at these frequencies. Also the grid-to- 
plate capacitance can feed back some of the 
plate -signal voltage in the proper phase with 
respect to the grid-signal voltage to cause 
undesired oscillations. The effect of this inter- 
electrode capacitive feedback can be neutralized 
by introducing, by means of a capacitor, a voltage 
of equal magnitude and opposite polarity from 
the plate to the grid circuit. Such an external 
capacitor is called a neutralizing capacitor. It 
is usually variable to permit adjustment for pre- 
cise cancellation of the objectionable internal 
feedback voltage. 

At ultrahigh frequencies (u-h-f) interelec- 
trode capacitance becomes very objectionable 
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Figure 1-11.— Schematic representation inter- 
electrode capacitance. 



and prevents the use of ordinary electron tubes. 
Special u-h-f tubes are used at such operating 
frequencies. These are characterized by tube 
elements having very small physical dimensions 
and closely spaced electrodes that often do not 
terminate in conventional tube bases. 

MULTIELEMENT TUBES 

Many desirable characteristics may be at- 
tained in electron tubes by the use of more 
than one grid. Some common types include 
tetrodes, which contain 4 electrodes and pen- 
todes, which contain 5 electrodes. Others 
containing as many as 8 electrodes are available 
for certain applications. 

TETRODES 

The relatively large values of interelectrode 
capacitances of the triode, particularly the 
plate-to-grid capacitance, impose a serious 
limitation on the tube as an amplifier at high 
frequencies. To reduce the plate-to-grid capac- 
itance, a second grid called a screen grid 
(G2) is inserted between the grid and plate of the 
tube, as shown in figure 1-12. 

Because the screen grid is shunted by a 
screen bypass capacitor, C S g, having a low re- 
actance at the signal frequency, it acts as a 
shield or screen between the plate and control 
grid. It effectively reduces the interelectrode 
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Figure 1-12.— Schematic diagram of a tetrode. 

capacitance coupling between the plate and 
control grid circuits. The screen is supplied 
with a potential somewhat less positive than 
the plate. The positive voltage on the screen 
grid accelerates the electrons moving from the 
cathode. Some of these electrons strike the 
screen and produce a screen current which 
generally serves no useful purpose. The larger 
portion, however, passes through the open- mesh 
screen grid to the plate. 

Because of the presence of the screen grid, 
a variation in the plate voltage has little effect 
on the flow of plate current. The control 
grid, on the other hand, retains its control as 
in the triode. The tetrode has high-plate re- 
sistance and an amplification factor ranging 
up to 800. The high amplification factor is 
brought about by the close proximity of the 
control grid to the cathode and the electrical 
isolation of the plate from the control grid. 
The transconductance of tetrodes is also rela- 
tively high compared with that of triodes.' 

A typical family of ip-e p characteristic 
curves of a tetrode is shown in figure 1-13, A. 

The negative slope of the plate character- 
istic at plate voltages lower than the screen 
voltage (90 v) is the result of secondary emis- 
sion from the plate. This condition results from 
the fact that with the screen voltage fixed, the 
velocity with which the electrons strike the 
plate increases with plate voltage. When the 
electrons strike the plate with sufficient force, 
other loosely held electrons are knocked out of 
the plate material into the space between the 
plate and the screen. Because the screen is 
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electrons to be pulled back to the plate and the 
plate current again increases. 

The action in the region where plate current 
decreases as plate voltage increases is called 
negative resistance. This action is opposite 
to that encountered in a normal resistor. 
When the tetrode is used as an amplifier, plate 
voltage should not fall below the screen voltage. 
If plate voltage falls below that of screen, plate 
current will fail to follow the grid- signal 
waveform and the output-signal plate-voltage 
variation is clipped as shown in figure 1-13,B. 
This distortion may be eliminated by reducing 
the amplitude of the grid signal or increasing 
the B-supply voltage. However, the relatively 
large screen current and the effects of second- 
ary emission from the plate limit the usefulness 
of the tetrode as an r-f voltage amplifier. 

PENTODES 

The effects of secondary emission in the 
tetrode may be eliminated by the addition of a 
third grid. The pentode (5-element tube) includes 
a suppressor grid inserted between the screen 
grid and the plate for the purpose of preventing 
the screen from attracting secondary electrons 
from the plate. The 5 elements are cathode, 
control grid (Gi), screen grid (G2), suppressor 
grid (G3), and plate. Figure 1-14 is a schematic 
diagram of a pentode. 

In the pentode, the suppressor grid (usually 
internally connected to the cathode) serves to 
repel or suppress secondary electrons from the 
plate. It also serves to slow down the primary 
electrons from the cathode as they approach the 
suppressor. These actions do not interfere with 
the flow of electrons from cathode to plate but 
serve to prevent any interchange of secondary 



Figure 1-13.— Representative i p -Cp tetrode 
characteristic curves. 



at a higher positive potential than the plate, 
these secondary electrons are attracted to the 
screen. The flow of these electrons to the 
screen is in the opposite direction to the normal 
flow from cathode to plate and the plate current 
is decreased. This reduction in plate current 
continues until the potential of the plate ap- 
proaches the screen-grid potential. Further in- 
crease in plate voltage causes the secondary 
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Figure 1-14.— Schematic diagram of a pentode. 
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electrons between screen and plate. The sup- 
pressor thus eliminates the negative resistance 
effect which appears in the tetrode in the region 
where plate voltage falls below that of the screen. 
Thus plate current rises smoothly from zero up 
to its saturation point as plate voltage is in- 
creased uniformly with grid voltage held con- 
stant. Typical pentode ip-ep characteristic 
curves are shown in figure 1-15. 
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Figure 1-15.— Pentode ip-^p characteristic 
curves. 

Pentodes produce an increased voltage- 
output signal for a given input- grid voltage com- 
pared with triodes. The amplification factor of 
pentodes ranges up to 1,500. The plate resis- 
tance and transconductance are both high. In the 
r-f pentode the chief purpose of the screen grid 
is to eliminate the effects of interelectrode 
capacitance coupling between control grid and 
plate circuits. In the power pentode, at audio 
frequencies, the screen permits the output signal 
plate voltage variation to be relatively large 
without the degenerative action occurring in the 
triode. Plate current is substantially inde- 
pendent of plate voltage in the power pentode 
since the screen voltage is the principal factor 
influencing plate current. With the addition of 
the suppressor the allowable output voltage 
variation is larger than that of the tetrode, 
and the distortion effects shown in the tetrode 
of figure 1-13, B, are eliminated. Thusanaudio- 
frequency power pentode has an allowable output 
voltage variation in which the plate voltage can 
fall a large amount below that of the screen 
voltage on the positive half cycle of input signal 



without clipping the plate signal current. Thus 
the ratio of output power to grid driving voltage 
is relatively large. 

BEAM- POWER TUBES 

A beam-power tube is so named because it 
is constructed so that the electrons flow in con- 
centrated beams from the cathode through the 
grids to the plate. The principal differences in 
construction between the beam-power tube and a 
normal tetrode and pentode are that in the beam- 
power tube the spaces between the turns of the 
grids are lined up, two beam-forming plates are 
added, and the spacing between the screen and 
plate is usually greater. 

The internal structure of a beam- power tube 
is shown in figure 1-16. Because the spaces 
between the grids are lined up, fewer electrons 
strike the screen grid; therefore, screen grid 
current is lower and plate current higher than 
in other pentodes. Furthermore, when no ac- 
tual suppressor is used, the beam-forming 
plates at cathode potential produce the desired 
beam effect. Secondary emission from the plate 
is then reduced because of the space charge 
between the screen grid and plate. 

The space charge results from the slowing 
down of the electrons as they pass from the high- 
potential screen to the lower potential plate. 
The space charge thus formed in front of the 
plate is sufficient to repel back to the plate 
secondary electrons emitted as a result of the 
impact of primary electrons. This action also 
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Figure 1-16.— Internal structure of a beam- 
power tube. 
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increases plate current and reduces the screen 
current. 

A beam-power tube that is operated at the 
same plate and screen voltages as a normal 
tetrode provides more power output for a 
given signal voltage with no increase in in- 
ternal tube capacitances. 

VARIABLE-MU TUBES 

The amplification of a tube may be controlled 
by varying the bias voltage applied to the grid, 
but normally the range of this control is limited 
by the cutoff bias and the permissible distortion. 
In receivers employing automatic volume control 
(a-v-c) in the r-f amplifier section, the ampli- 
fication is varied over a wide range so that 
strong or weak signals may be accommodated. 
To permit this increased range of volume 
control, the variable- mu tube was developed. 
This tube is also known as the supercontrol 
or remote cutoff type. 

The only difference in construction between 
variable- mu tubes and normal, or sharp cutoff 
tubes is in the spacing between the turns of 
the control grid. In sharp cutoff tubes the turns 
of the grid wires are equally spaced, while in 
remote cutoff types the grid turns are closely 
spaced at the ends and widely spaced in the 
center. The construction of variable -mu tubes 
is shown in figure 1-17,A. 

With a small bias voltage, electrons flow 
through all the spaces of the grid and the 
amplification factor is relatively large because 
of the close spacing of the end turns of the 
control grid. As the bias is increased, the 
electron flow is cut off through the narrow 
spaces at the ends of the grid structure. 
However, they are still able to pass through 
the relatively large spaces at the center of 
the grid. The increased bias causes a decrease 
in the amplification due to the coarser turns in 
the central portion of the grid. A much greater 
value of bias is required to cut off the plate- 
current flow in this type of tube. The remote- 
cutoff tube is so named because the cutoff bias 
value is greater than (more remote from) the 
value required to cut off plate-current flow in 
tubes of evenly spaced turns. 

Figure 1-17,B, shows the ip-eg curves for 
both a conventional sharp cutoff tube and a 
variable-mu or remote-cutoff tube. The cutoff 
bias for the normal tube is -5 volts, and because 



the slope is almost constant any change in bias 
produces little change in amplification. Con- 
trasted with this characteristic, the curve for 
the variable-mu tube has a pronounced change 
in slope as the grid bias is increased from -10 
volts to -15 volts and a small value of plate 
current is still flowing at a bias of -25 volts. 
The changing slope of this curve indicates a 
variation of amplification with bias. Thus, if 
a variable-mu tube is used with a bias source 
that varies with the signal strength, the out- 
put signal can be made substantially independent 
of the input signal strength. Automatic- gain- 
control circuits employing variable-mu tubes 
are discussed in connection with "Receivers'' in 
chapter 12. 

MULTIGRID TUBES 

Electron tubes may be constructed with 4, 
5, or 6 grids (fig. 1-18) in order to obtain 
certain characteristics. The grids may be used 
to influence the plate- current flow by introducing 
additional signal voltages having different fre- 
quencies, as in pentagrid converters or pentagrid 
mixers used in superheterodyne receivers. 
These applications are treated in chapter 12. 

MULTIUNIT TUBES 

To reduce the number of tubes in radio cir- 
cuits, the electrodes of two or more tubes fre- 
quently are placed within one envelope. Multi- 
unit tubes generally are identified according to 
the way the individual types contained in the 
envelope would be identified if they were made 
as separate units. Thus, a multiunit tube may 
be identified as a duplex-diode, a diode-pentode, 
a diode-triode-pentode, a pentagrid converter, 
and so forth. A number of multiunit tubes are 
shown in figure 1-19. Other tubes that are not 
shown include the double-triode and the triple- 
triode types. 

TUBES OPERATING 
AT ULTRAHIGH FREQUENCIES 

As the operating frequency is increased, the 
capacitive reactance between electrodes in elec- 
tron tubes decreases— that is, 

x =-L- 
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Figure 1-17.— Construction of variable-mu 

tubes and i -e curves. 
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At frequencies higher than 100 mc, the inter- 
electrode capacitance of an ordinary electron 
tube provides a low- impedance path which 
shunts the external circuit. Also at these 
frequencies the electron transit time between 
cathode and plate becomes appreciable. The 
transit time is about one -thousandth of a micro- 
second. As insignificant as this interval of time 
may seem, it nevertheless approaches and some- 
times equals the time of one cycle of the applied 
signal and thus causes an undesirable shift in 
phase. 

ORDINARY TUBES 

A small number of ordinary tubes can be 
operated at frequencies higher than 100 mc under 
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Figure 1-18.— Schematic diagrams of multi- 
grid tubes. 
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Figure 1-19.— Schematic diagrams of 
multiunit tubes. 



certain critical operating conditions. The most 
suitable tubes of this type are triodes having 
low-interelectrode capacitance, close spacingof 
the electrodes to reduce transit time, a high- 
amplification factor, and a fairly low plate 
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resistance. Because some of these require- 
ments are conflicting, a compromise has to be 
made and tubes that strike a medium between the 
conflicting values are generally selected. 

SPECIAL ULTRAHIGH- FREQUENCY 
TUBES 

The objectionable features of ordinary elec- 
tron tubes are minimized considerably in the con- 
struction of special u-h-f tubes. These tubes 
have very small electrodes placed close together, 
and often have no socket base. By a propor- 
tionate reduction in all physical dimensions of 
a tube, the interelectrode capacitances are 
decreased without affecting the amplification 
factor or the transconductance. The electron 
transit time is likewise reduced. 

Acorn electron tubes (fig. 1-20) have been 
developed especially for u-h-f operation and 
are available as diodes, triodes, and r-f pen- 
todes. These tubes are very small physically 
and have closely spaced electrodes and no 
base. The tube connections are brought out to 
short wire pins sealed in the glass envelope. 
Such tubes are not used extensively because of 
limited power capabilities. 

An enlarged version of the acorn tube, known 
as the doorknob tube, can be operated at a 
considerably higher power level and at fre- 
quencies as high as 600 mc. 
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Figure 1-20.— Acorn electron tubes. 



OAS-FILLED TUBES 

In the manufacture of high-vacuum tubes, 
as much of the air as possible is removed from 
the envelope. In some cases low-vacuum tubes 
are designed purposely to contain a specific gas 
in place of air— usually nitrogen, neon, argon, 
or mercury vapor. 

In a high-vacuum triode, the grid retains 
complete control of the current flowing in the 
tube. However, in a gas-filled tube the grid 
loses control when the gas ionizes, because of 
a sheath of positive ions that surround the grid. 
The plate current then rises rapidly to its full 
value. In this respect the gas tube acts like a 
snap-action switch. When the plate voltage falls 
below the deionization potential, the gas is de- 
ionized. 

The gas -filled tube normally has a higher 
plate current rating than a high-vacuum tube of 
the same physical dimensions. When ionization 
occurs, the tube presents a lower impedance to 
the external circuit. Several types of gas-filled 
tubes are represented in figure 1-21. The 
small dot within the circle indicates that the 
tube is gas -filled. 

ELECTRICAL CONDUCTION IN 
GAS TUBES 

In a gas-filled tube, such as the diode of 
figure 1-21, A, the electron stream from the 
hot cathode encounters gas molecules on its 
way to the plate. When an electron collides 
with a gas molecule the energy transmitted 
by the collision may cause the molecule to 
release an electron. This second electron 
may then join the original stream of electrons 
and thus be capable of liberating other electrons 
through collision with other gas molecules. 
This process which is cumulative is a form 
of ionization. The molecule that has lost an 
electron is called an ion and bears a positive 
charge. The tube in its ionized condition con- 
tains molecules, ions, and free electrons within 
the envelope. The positive gas ions are rela- 
tively large and in the vicinity of the cathode they 
neutralize a portion of the space charge. Thus 
electrons flow from cathode to plate with less 
opposition than in a high-vacuum tube. 

The heavier positive ions are attracted 
toward the negative cathode and while moving 
toward it they attract additional electrons from 
the space charge. 
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The energy needed to dislodge electrons from 
their atomic orbits and to produce the ionization 
is supplied by the source which supplies the 
voltage between the plate and cathode. There is 
a certain voltage value for a particular gas- 
filled tube at which ionization begins. When 
ionization occurs large currents flow at rela- 
tively low voltage across the tube. The voltage 
at which ionization commences is known as 
ionization potential, striking potential, or firing 
point. 

After ionization has started, the action 
maintains itself at a voltage considerably lower 
than the firing point. However, a minimum 
voltage is needed to maintain ionization. If the 
voltage across the tube falls below this minimum 
value, the gas deionizes and conduction stops. 
The voltage at which current ceases to flow is 
known as the deionizing potential or the ex- 
tinction potential. The tube may therefore be 
used as an electronic switch that closes at a 
certain voltage and permits current to flow and 
then opens at some lower voltage and thus 
blocks the flow of current. Such a tube has 
almost infinite resistance before ionization and 
very low resistance after ionization. 

LIMITATIONS IN THE USE OF 
GAS TUBES 

One limitation in the use of gas in electron 
tubes is the possibility that the tube will permit 
current to flow in the reverse direction (arcback) 
when the plate has a high negative (inverse) 
voltage with respect to the cathode. The peak 
inverse voltage rating varies inversely with the 
temperature and pressure of the gas. 

A second limitation is the possibility that the 
cathode may be destroyed by positive-ion bom- 
bardment as the plate voltage is increased to 
a high value. Because the mass of the ion is 
very much greater than that of the electron, 
the result of its impact on the cathode may be 
serious, especially if the cathode is of the 
oxide -coated type. If the plate voltage is 
raised to a sufficiently high value, double 
ionization (two electrons dislodged from the 
gas molecule) occurs and the resultant increased 
velocity of the ions caused by the increased 
positive charge may quickly damage the emitter 
surface. The solution is to keep the plate 
voltage below the double ionization potential or 
to use a more rugged emitter which unfortunately 
will also have a higher work function. 
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Figure 1-21.— Schematic diagrams of 
representative gas-filled tubes. 

Another limitation at high-operating fre- 
quencies is the possibility that arcback will 
occur because too many ions remain between the 
plate and cathode on the negative half cycle. 
This condition results from the fact that at 
high frequencies there is not sufficient time for 
the ions to be neutralized by the electrons 
before the full reverse voltage is applied. 
Because arcback causes the tube to offer a 
low resistance on both halves of the cycle, 
the power dissipated is increased and the tube 
will probably be destroyed. At high operating 
frequencies arcback may occur at a fairly low 
voltage and hence the tube is said to have a low 
inverse voltage rating. 

GAS DIODES 

The neon- glow lamp or neon bulb (fig. 1-21,B) 
is a cold-cathode gas-filled diode. The cathode 
may have the same shape and size as the plate 
so that the tube can conduct in either direction 
depending only on the applied potential, or the 
structures of the cathode and plate may be such 
as to permit conduction in only one direction 
(fig. 1-21,B). Because the cathode is not 
heated in this type of tube no electrons are 
emitted to help in the ionization process. 
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Therefore the firing potential for a neon- 
glow tube is higher than that for a tube in 
which a hot cathode is used, and the neon- 
glow tube is somewhat erratic in that the 
firing potential varies during the operation. 
The passage of current through the tube is 
indicated by a glow. The color of the glow 
depends on the gases that may be mixed with 
the neon. The glow is on the negative electrode 
or cathode. When an alternating voltage is 
applied both electrodes are alternately sur- 
rounded with a glow discharge. 

A neon- glow tube placed in an r-f field of 
sufficient strength to ionize the gas in the 
tube will indicate the presence of such a field 
by glowing. A glow tube may also be used as 
a voltage regulator (chapter 3). Additional uses 
of glow tubes are as a source of light, as a 
part of a relaxation oscillator, as a rectifier, 
and to control circuit continuity in noise limiters. 

Hot cathode, mercury vapor diodes are 
specially designed to serve as rectifiers. Tubes 
of this type can pass much higher currents than 
high-vacuum tubes because the ionization of 
the mercury vapor partially dispels the cathode 
space charge. Mercury vapor is formed in these 
tubes when the small amount of liquid mercury 
enclosed in the envelope is vaporized by the 
hot cathode. These tubes are not capable of 
supplying their rated output until the mercury 
is completely vaporized. The relatively high 
voltage existing between the plate and cathode, 
before the tube begins to conduct load current, 
causes a large increase in the electron velocity. 
These high- velocity electrons cause the gas ions 
to acquire a higher positive charge and thus to 
bombard the cathode with a greater impact that 
is high enough to disintegrate the emitter sur- 
face if the action is allowed to continue for 
even a short period. Therefore sufficient time 
must be allowed for the tube to become heated 
before the plate voltage is applied. 

THYRATRONS 

A gas-filled triode (fig. 1-21, D) or tetrode 
in which a grid is used to control the firing 
potential is called a thyratron. The grid in 
this tube functions somewhat the same as that 
of an ordinary electron tube, but the resultant 
control action is entirely different. Figure 1-22 
shows the grid control characteristics of a typical 
thyratron. 
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Figure 1-22.— Grid control characteristic of a 
representative thyratron. 

Thus at a given plate voltage, for example 
800 volts, the bias would have to be reduced from 
-10 volts to -8 volts before the tube would begin 
to conduct. Likewise, at a plate voltage of 300 
volts the tube would begin to conduct at a grid 
potential of approximately -4 volts. When con- 
duction starts, the grid loses control over the 
plate current and is no longer effective as a 
control element. To stop plate current flow, 
the plate voltage must be reduced below the 
ionizing potential. The grid operates in this 
manner because when conduction starts, positive 
ions are formed as a result of collisions and 
some of these ions are attracted to the negative 
grid. A positive-ion sheath is formed around 
the grid, thus destroying its effectiveness as a 
control element. Other positive ions move to- 
ward the cathode and neutralize the space charge. 
These two actions account for the fact that once 
current flow starts, the grid loses control and 
the current rises rapidly to a large value. 

Thyratrons have many practical applications 
in relay and trigger circuits. 

CATHODE-RAY TUBES 

Cathode- ray tubes are electron tubes of a 
special construction that permit the visual 
observation of current and voltage waveforms. 
A discussion of their construction and operation 
is included in the latter part of this training 
course. 
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SEMICONDUCTORS 

The transistor is a relatively new form of 
electronic device. It can perform many of the 
functions of an electron tube and in addition 
can do some things better and more efficiently. 
Electron tubes depend on the flow of electrons 
through a vacuum, a gas, or a vapor; whereas, 
transistors make use of the flow of electrons 
through a special type of solid, known as a 
SEMICONDUCTOR. 

A semiconductor is a material having a 
conductivity lower than that of a conductor but 
higher than that of an insulator. For example, 
a germanium crystal in its purest state acts as 
an insulator, but when a small amount of im- 
purity such as arsenic is added to it, the crystal 
becomes a satisfactory conductor. 

The semiconductors used in transistors in- 
clude germanium and silicon. A new concept 
is needed to understand the somewhat unexpected 
performance of these materials. 

A brief review of the atomic structure of 
crystalline matter will follow in order to help 
the reader understand transistor conduction. 

ATOMIC STRUCTURE 

An atom (in its normal state) consists of a 
positive nucleus containing a fixed number of 
protons (indicated by the atomic number) sur- 
rounded by an equal number of electrons in 
various shells. Each shell can contain not more 
than a fixed number of electrons. When a shell 
contains this fixed maximum number of elec- 
trons, it is said to be complete. In many atoms 
the inner shells are complete; whereas, one of 
the outer shells is incomplete. The innermost 
(complete) shells, together with the core, form 
a stable "ionic core" with a net positive charge. 
The core can be considered completely inactive 
as far as chemical reactions and electrical 
phenomena are concerned. Only the outermost 
shell of electrons determines the chemical and 
electrical characteristics of the substance. 



The orbits of the planetary electrons are 
grouped in shells with a specified number of 
electrons in each shell. The shells are num- 
bered 1, 2, 3, and so forth, starting with the 
shell nearest the nucleus and proceeding to the 
outermost shell. Shell number 1 contains a 
maximum of 2 electrons; shell number 2, 8 
electrons; shell number 3, 18 electrons; and so 
on. The maximum number of electrons per- 
mitted in each of the first four shells (counting 
from the inside out) is equal to the square of 
the shell number multiplied by 2. For example, 
the maximum number of electrons permitted in 
shell number 4 is 42x2 = 32. As mentioned be- 
fore the outer shell may not always contain the 
full complement of electrons. 

For example, silicon (fig. 2-1, A) has an 
atomic number of 14, indicating 14 protons in 
the nucleus, and 14 planetary electrons dis- 
tributed in 3 concentric shells around it. Ger- 
manium (fig. 2-1, B) has an atomic number of 
32 indicating 32 protons in the nucleus and 32 
planetary electrons. However, in both silicon 
and germanium the outermost shells are in- 
complete, each having only 4 electrons instead 
of the maximum permitted, 18 and 32 re- 
spectively. 

For these atoms and others that have 3 or 
more shells, it has been found that if the outer- 
most shell contains 8 electrons it can be 
considered to be complete and the atom will be 
stable. Therefore the outermost shell of sili- 
con or germanium requires only 4 electrons in 
addition to the 4 already there, to become stable. 

The 4 electrons in the outer shell of the 
germanium atom are the only electrons that can 
be influenced by external forces; the others are 
bound so closely to the nucleus that they cannot 
be removed. Thus the germanium atom may be 
represented by 2 concentric circles; the inner 
circle showing a net charge of + 4 units and the 
outer circle containing the 4 planetary electrons 
that can be influenced by external forces. 
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Figure 2-1.— Arrangement of planetary electrons in atoms of various elements. 



Similarly, the carbon atom (fig. 2-1, C) has 
4 electrons in the outer shell that can be in- 
fluenced by external forces; the 2 electrons in 
shall number 1 are bound tightly by the nucleus 
and cannot be removed. Thus, carbon (shown 
later in the diamond lattice) can be represented 
as 2 concentric circles; the inner circle show- 
ing a net positive charge of 4 units and the outer 
circle showing the 4 planetary electrons that can 
be influenced by external forces. 

VALENCE BONDS 

The valence of an element is a measure of 
its ability to combine with other elements. It 
depends on the number of planetary electrons in 
the outer shell of the atom. For example, the 
helium atom (fig. 2-1, D) has 2 planetary elec- 
trons in the outer shell, and in this case the 
shell contains the full complement of electrons. 
The valence of helium is zero. Helium does not 
combine with other atoms and is said to be inert. 

On the other hand hydrogen (fig. 2-1, E) has 
a valence of 1 and will combine readily with 



other atoms. The reason is that the outer shell 
of the hydrogen atom has only 1 planetary elec- 
tron and requires 1 more electron to be com- 
plete. Oxygen (fig. 2-1, F) has a valence of 2 
because the outer shell has only 6 planetary 
electrons; it needs 2 more to make up the full 
complement of 8. 

Two atoms of hydrogen combine with 1 atom 
of oxygen to form a molecule of water, figure 
2-2, A. The electrons in the outer shells are 
shared by the oxygen (0) atom and the hydrogen 
atoms so as to make the outer shells of all 3 
atoms complete. All atoms try to complete their 
outer shells, and when they do, a stable condi- 
tion exists. 

When hydrogen and oxygen combine to form 
water the force that holds them together is 
called an ionic valence bond or an electro- 
valence bond. An atom of oxygen has a com- 
bining power of valence of 2 because there are 
2 vacancies (2 more electrons needed) in the 
outer shell. When water is formed, 2 hydrogen 
atoms contribute their planetary electrons to 
the outer shell of the oxygen atom so as to 
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Figure 2-2.— Atoms combining to form 
molecules. 

complete the outer shell (a total of 8 electrons) 
and at the same time the outer shell of each 
hydrogen atom is completed (2 electrons). 

Hydrogen always tries to complete its outer 
shell (fig. 2-5} B) by appearing in molecular 
form (2 atoms joining together to share each 
others planetary electrons). This action pro- 
duces a stable molecule. The 2 hydrogen atoms 
are held together by a covalent bond. 

CONDUCTORS AND INSULATORS 

Substances that produce the free motion of a 
large number of electrons are called conductors; 
those that do not are called insulators (see Basic 
Electricity, NavPers 10086). In insulators the 
electrons are bound more closely to the nucleus. 
It is the degree of difficulty in dislodging the 
planetary electrons from the outermost shell 
of the atom that determines whether the element 
is a conductor, an insulator, or a semicon- 
ductor. 

Copper is a conductor. The copper atom has 
29 protons in the nucleus and 29 planetary elec- 
trons revolving in orbits within 4 shells around 
the nucleus. The first shell contains 2 electrons; 
the second, 8; the third, 18; and the fourth or 



outermost shell, 1 electron. The maximum 
number permitted in the fourth shell is 2 x 
or 32. Thus, the single electron in the outer- 
most shell of the copper atom is not very closely 
bound to the nucleus; it can be moved easily. 
In a copper conductor containing billions of 
atoms, it is easy to produce an electron flow of 
billions of electrons without encountering very 
much resistance. An atom of an insulator con- 
tains a nucleus and 2 or more shells, with each 
shell completely filled with its quota of electrons. 
Thus, if the nucleus contains a net positive 
charge of 10 units, the first shell will contain 2 
electrons and the second, 8 electrons. It is 
very difficult to get one of these electrons out of 
an atom and this material is an insulator or 
nonconductor. 

The important difference between conductors 
and insulators is that in a conductor there are 1 
or 2 electrons in the outer shell that are not 
tightly bound to the nucleus, whereas, in the in- 
sulator the outer shell is filled or almost filled 
and the electrons are tightly bound to the 
nucleus. 

As mentioned before, a material that is 
classified as a semiconductor has characteris- 
tics between those of a conductor and those of 
an insulator. The electrons in the outer shell 
of the atoms of a semiconductor can be removed 
when some form of energy is applied to the ma- 
terial. The energy may be in the form of heat, 
light, or an electric field. Then the material 
will act like a conductor. 

The carbon atom (fig. 2-1, C) may be re- 
drawn so as to show only those electrons that 
may be influenced by external forces; that is, 
those electrons in the outermost shell. The 
inner shell and the nucleus may be drawn as an 
inner circle showing a net charge of 6-2 or +4 
units. The outer shell is represented as an outer 
concentric circle having 4 electrons spaced 
equally around it. 

In order to fill its outer shell with the 
maximum number of electrons permitted (8), 
the carbon atoms in a diamond lattice (a form 
of crystalline carbon) arrange themselves as 
shown in figure 2-3. This arrangement is 
called a crystal. In the diamond crystal the 4 
electrons in the outer shell of 1 atom are bound 
as closely to that atom as the 4 electrons in the 
outer shell of another atom are bound to it. Thus 
1 atom cannot pull electrons away from another 
atom; instead, adjacent atoms will share the 
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Figure 2-3.— Arrangement of carbon atoms 
in diamond lattice. 

outer electrons in such a manner that the outer 
shells are filled to their quota of 8 electrons. 
Each pair of atoms shares 2 electrons, 1 from 
each atom. This pair of electrons (as previ- 
ously stated for the hydrogen molecule) is 
called a covalent bond. Thus, to try to fill its 
outer shell with 8 electrons each carbon atom 
will establish covalent bonds with 4 other 
carbon atoms. Each carbon atom shares each 
of its 4 valence electrons in the outer shell with 
1 other atom, and in return shares an electron 
in the outer shell of the second atom. 

The elements carbon, silicon, and german- 
ium, have the common property of being tetra- 
valent; that is, 4 electrons in the outer shell 
are able to respond to external forces (enter 
into chemical reactions). The 4 valence elec- 
trons form bonds with 4 electrons from adjacent 
atoms to form a crystal structure. The atoms 
arrange themselves in a definite pattern (found 
in the crystalline forms of carbon, silicon, and 
germanium). The position of an atom in the 
crystal is referred to as a lattice site (location). 

A 3-dimensional diamond lattice is drawn 
in 2-dimensional simplified form in figure 
2-4, A. The 4 valence bonds are shown as 4 
pairs of lines extending between circles. The 
circles represent the lattice sites; each pair 
of parallel lines represents a covalent bond. 
Every atom has 4 covalent bonds. 

Figure 2-4, B,. illustrates the fact that each 
atom with its own share of 4 valence electrons 
is electrically neutral. At the same time, every 
electron is tightly bound and unable to leave 
the lattice structure. This explains why the 
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Figure 2-4.-Simplified diamond lattice. 

diamond is a good insulator unless something 
is done to disturb the valence-bond structure. 

As previously described, some of the outer- 
most electrons form VALENCE BONDS between 
adjacent atoms. These bonds, which hold the 
atom rigidly in place in solid crystalline sub- 
stances, like the diamond lattice, are stable for 
certain given numbers of electrons in the outer- 
most shell. For example, the bond is especially 
stable when it contains precisely 2 electrons. 
The bond is weakened when 1 electron is re- 
moved; it is not strengthened much when a third 
electron is added. 

Conductivity can be produced in a diamond 
in several ways, all of which involve destroying 
the perfection of the valence-bond structure. 
One way is to bombard the diamond with high- 
energy radiation (an # electric field) which breaks 
the bonds and causes electrons to be ejected 
from them. The bonds in silicon and germanium 
are weaker than diamond bonds and can be 
broken by heating. The increase in thermal 
agitation causes the bonds to break. 

TWO KINDS OF CURRENT 

If a sample of germanium or silicon with 
broken bonds is subjected to a voltage, two 
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kinds of current will flow. The ejected elec- 
trons move through the crystal from the nega- 
tive terminal to the positive terminal, thus con- 
stituting ordinary conduction (electron) current. 
The second current (hole current), however, 
results from the motion of electrons from one 
valence bond breaking away to fill up the hole 
caused by the absence of an electron from an 
adjacent bond. Thus, holes seem to move in a 
direction opposite to that of electron flow. Be- 
cause the hole is a region of net positive charge, 
the apparent motion is like the flow of particles 
having a positive charge. An anology of hole 
motion is the movement of balls through a tube 
(fig. 2-5). When ball number 1 is removed from 
the tube, a space is left. This space is then 
filled by ball number 2. Ball number 3 then 
moves into the space left by ball number 2. 
This action continues until all the balls have 
moved one space to the left at which time there 
is a space left by ball number 8 at the right-hand 
end of the tube. 

The motion of the space is similar to hole 
motion in the covalent bond structure of some 
semiconductors. The hole motion depends on 
the movement or shifting of valence electrons 
in the covalent bonds. The same electrical 
effect is produced whether electrons move in 
one direction or holes move in the opposite 
direction. 

These two currents are called ELECTRON 
CURRENT and HOLE CURRENT. If a suitable 
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"impurity" is added to the semiconductor, the 
resulting mixture can be made to have either 
(1) an excess of electrons, thus causing more 
electron current; or (2) an excess of holes, 
thus causing more hole current. 



IMPURITY DONORS AND ACCEPTORS 

In the pure form, germanium and silicon 
crystals are of no use as a semiconductor de- 
vice. However, as stated at the beginning of 
this chapter, when a certain amount of impurity 
is added, the crystal can be made to conduct a 
current. In order to accomplish this result the 
quality and quantity of the impurity must be 
carefully controlled. The added impurities will 
create either an excess or a deficiency of elec- 
trons depending on the kind of impurity added. 

The impurities that are important in semi- 
conductor materials are those impurities that 
align themselves in the regular lattice structure 
whether they have 1 valence electron too many, 
or 1 valence electron too few. The first type 
loses its extra electron easily and in so doing 
increases the conductivity of the material by 
contributing a free electron. This type of im- 
purity has 5 valence electrons and is called a 
pentavalent impurity. Arsenic, antimony, bis- 
muth, and phosphorous are pentavalent impuri- 
ties. Because these materials give up or donate 
1 electron to the material they are called donor 
impurities. 

The second type of impurity tends to com- 
pensate for its deficiency of 1 valence electron 
by acquiring an electron from its neighbor. 
Impurities of this type in the lattice structure 
have only 3 electrons and are called trivalent 
impurities. Aluminum, indium, gallium, and 
boron are trivalent impurities. Because these 
materials accept 1 electron from the material 
they are called acceptor impurities. 

Semiconductors that have no impurities are 
called intrinsic semiconductors. Semiconduc- 
tors that have either acceptor or donor impurities 
are called extrinsic semiconductors. 
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When a pentavalent impurity like arsenic is 
added to germanium it will form covalent bonds 
with the germanium atoms. Figure 2-6, A, 
illustrates an arsenic atom (As) in a germanium 
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Figure 2-6.— Germanium lattice with impurities added. 



lattice structure. The arsenic atom has 5 va- 
lence electrons in its outer shell but uses only 
4 of them to form covalent bonds with the ger- 
manium atoms, leaving 1 electron relatively 
free in the crystal structure. Because this type 
of material conducts by electron movement it 
is called a negative-carrier type or N-type 
semiconductor. Pure germanium may be con- 
verted into an N-type semiconductor by r 'dop- 
ing" it with any element containing 5 electrons 
in its outer shell. Other pentavalent elements 
which may be used in place of arsenic as "dop- 
ants" are phosphorous, antimony, and bismuth. 
The amount of the impurity added is very small; 
it is Of the order of 1 atom of impurity in 10 
million atoms of germanium. 

P-Type Germanium 

A trivalent impurity element can also be 
added to pure germanium to "dope" the ma- 
terial. In this case the impurity has 1 less 
electron than it needs to establish covalent 
bonds with 4 neighboring atoms. Thus in 1 co- 
valent bond there will be only 1 electron instead 
of 2. This arrangement leaves a hole in that 
covalent bond. 

Figure 2-6,B, shows the germanium lattice 
structure with the addition of an indium atom 
(symbol In). The indium atom has 1 electron 
less than it needs to form covalent bonds with 
the 4 neighboring atoms and thus creates a hole 
in the structure. Gallium and boron also exhibit 



these characteristics. The holes are present 
only if a trivalent impurity is used. Note that a 
hole carrier is not created by the removal of an 
electron from a neutral atom, but is created 
when a trivalent impurity enters into covalent 
bonds with a tetravalent (4 valence electrons) 
crystal structure. Because this semiconductor 
material conducts by the movement of holes 
which are positive charges, it is called a posi- 
tive carrier-type or P-type semiconductor. 
When an electron fills a hole (fig. 2-6, C) the hole 
appears to move to the spot previously occupied 
by the electron. 

Charges in N- and P-Type Materials 

When a donor material such as arsenic is 
added to germanium, the fifth electron in the 
outer ring of the arsenic atom does not be- 
come a part of a covalent bond. This extra 
electron (when acted on by some force) may 
move away from the arsenic atom to one of the 
nearby germanium atoms in the N-type ma- 
terial. 

The arsenic atom has a positive charge of 5 
units on the inner circle, as shown in figure 
2-6,A, and when the electron moves away from 
the arsenic atom there will be only 4 electrons 
to neutralize the positive charge and as a re- 
sult there will be a region of positive charge 
around the arsenic atom. Similarly, the excess 
electron that has moved into the germanium 
atom outer shell makes a total of 5 electrons 
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instead of 4 electrons for that atom of germa- 
nium. Thus, there is a region of negative charge 
around this atom. 

Although there is a region of positive charge 
around the arsenic atom, after the electron has 
moved away, and a region of negative charge 
around the germanium atom with the extra elec- 
tron, the total charge on the N-type crystal re- 
mains the same. In other words the total charge 
is zero. There are exactly enough electrons to 
neutralize the positive charges on the nuclei of 
all the atoms in the crystal. However, because 
some of the electrons may move about in the 
crystal, there will be regions in the crystal where 
there are negative charges and other regions 
where there will be positive charges, even though 
the net charge on the crystal is zero. 

In a P-type material having an impurity such 
as indium added to it, a similar situation may 
exist. Indium has only 3 electrons in its outer 
ring. Three electrons are all that are needed to 
neutralize the net positive charge of 3 units on 
the inner circle (fig. 2-6, B). However, with 
only 3 electrons in the outer shell, there is a 
hole in one of the covalent bonds formed between 
the indium atom and the 4 adjacent germanium 
atoms. If an electron moves in to fill this hole 
(fig, 2-6, C) there is one more electron in the 
indium atom than is needed to neutralize the 
positive charge of 3 units. Thus there will be a 
region of negative charge around the indium atom. 

Similar ily, if one of the germanium atoms 
gives up an electron to fill the hole in the co- 
valent bond, the germanium atom will be short 
an electron and there will be a region of positive 
charge around this atom. While the giving up of 
an electron by a germanium atom and the acqui- 
sition of an electron by the indium atom charges 
(ionizes) both atoms involved, the net charge 
on the P-type crystal is still zero. There is 
simply one atom that is short an electron and 
another atom that has one too many. The crystal 
itself does not acquire any charge. 

These ionized atoms produced in both N- and 
P-type germanium are not concentrated in any 
one part of the crystal, but instead are spread 
uniformly throughout the crystal. If any region 
within the crystal were to have a very large 
number of positively charged atoms, these atoms 
would attract free electrons from other parts 
of the crystal to neutralize part of the charged 
atoms so that the charge would spread uniformly 
throughout the crystal. Similarly, if a large 



number of atoms within a small region had an 
excess of electrons, these electrons would re- 
pel each other and spread throughout the crystal. 

Both holes and electrons are involved in con- 
duction. The holes are called positive carriers 
and the electrons negative carriers. The one 
present in the greatest quantity is called the 
majority carrier; the other is called the minority 
carrier. In N-type material the electrons are the 
majority carriers and holes the minority car- 
riers. In P-type material the holes are the 
majority carriers and electrons the minority 
carriers. 

As mentioned before, pure semiconductor 
material such as germanium is a poor conductor. 
In fact it is an insulator if it is protected from 
all outside sources of energy. However, even 
at room temperature there is enough heat pre- 
sent in the germanium to produce some electron 
movement. An electron moving out of a covalent 
bond leaves a hole in the bond. The hole will 
attract an electron from a nearby atom, produc- 
ing a hole in that atom. Thus both the holes and 
the electrons appear to move. The holes are 
positive carriers, and the electrons negative 
carriers. This formation of hole-electron paics 
is undesirable in transistors (the reason is given 
later) and steps are taken to keep it as low as 
possible. 

Conduction in germanium due to the forma- 
tion of hole-electron pairs is called intrinsic 
conduction. It occurs even though no voltage 
is applied across the crystal. It is a random 
movement (diffusion). Holes and electrons may 
move in any direction. Intrinsic conduction is 
kept at a minimum by holding the operating 
temperature down and shielding the semiconduc- 
tor from light, and other forms of electromag- 
netic radiation. 



CURRENT FLOW IN N-TYPE MATERIAL 

Current flow through an N-type material is 
illustrated in figure 2-7. Conduction in this 
type of semiconductor is similar to conduction 
in a copper conductor. That is, the application 
of voltage across the material will cause the 
loosely bound electron to be released from the 
impurity atom and move toward the positive 
potential point. 
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Figure 2-7.-Current now in N-type material. Figure 2-8.-Current flow in P-type material. 



However, certain differences exist between 
the N-type semiconductor and a copper con- 
ductor. For example, the semiconductor resist- 
ance decreases with temperature increase, be- 
cause more carriers are made available at 
higher temperatures. Increasing the tempera- 
ture releases electrons from more of the im- 
purity atoms in the lattice causing increased 
conductivity (decreased resistance). In the 
copper conductor, increasing the temperature 
does not increase the number of carriers but 
increases the thermal agitation or vibration of 
the structure so as to impede the current flow 
further (increase the resistance). 

CURRENT FLOW IN P-TYPE MATERIAL 

Current flow through a P-type material is 
illustrated in figure 2-8. Conduction in this 
material is by positive carriers (holes). In 
order that the hole appears to move, an electron 
in a nearby lattice site must shift to the position 
where the hole existed originally. Thus the hole 
moves from the positive terminal to the negative 
terminal. Electrons from the negative terminal 
cancel holes in the vicinity of the terminal while 
at the positive terminal, electrons are being 
removed from the covalent bonds, thus creating 
new holes. The new holes then move toward 
the negative terminal (the electrons shifting to 
the positive terminal) and are cancelled by more 
electrons emitted from the negative terminal. 
This process continues as a steady stream of 
holes (hole current) moving toward the negative 
terminal. 

In both N-type and P-type materials, cur- 
rent flow in the external circuit is out of the 
negative terminal of the battery and into the 
pbsitive terminal. 



SEMICONDUCTOR DIODES 

PN JUNCTION 

A semiconductor diode is made by taking a 
single crystal (for example, germanium) and 
adding a donor impurity to one region and an 
acceptor impurity to the other. This gives a 
single crystal with an N section andaP section. 
Where the two sections meet is a junction. Con- 
tacts are fastened to the two ends of the crystal. 
A simple PN junction or junction diode is illus- 
trated in figure 2-9, A. 

One portion of the crystal is P-type material; 
this is the portion containing the acceptor im- 
purity. The other portion is N-type material. 
This region contains the donor impurity. The 
end contacts are large surfaces that make a 
good connection with the crystal. If the connec- 
tions were not good there might be rectifying 
properties where they come in contact with the 
crystal. 

In the PN junction illustrated in figure 2-9, B, 
the P material is shown at the left and the N 
material is shown at the right. The P material 
contains acceptor impurity atoms. These atoms 
are represented as negative charges enclosed 
in circles. As mentioned before, these atoms 
take on electrons from the pure crystal, leaving 
holes as the current carriers. The holes are 
represented in the P material as small circles 
interspersed between the acceptor atoms. The 
N material contains donor atoms that give up 
electrons when they become a part of the crystal 
lattice. The donor atoms are represented as 
positive charges enclosed in circles. The free 
electrons in the N material are represented as 
dots interspersed between the donor atoms. 
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Figure 2-9.— PN junction. 

Depletion Layer 

When the junction is formed, tree electrons 
in the N-type region diffuse across the junction 
and fill holes near the junction in the P region. 
Holes diffuse across the junction from the P 
region to the N region and capture free electrons 
near the junction in the N region. 

When an electron leaves the donor atom in 
the N region and moves over to the P region 
the atom has fewer electrons than it needs to 
neutralize the positive charge on the nucleus 
and it becomes charged (ionized). It has one 



extra positive charge equal to the negative 
charge of the electron which it lost. 

Similarly, when a hole leaves an acceptor 
atom in the P region, the atom takes on a 
negative charge, because the hole has been filled 
by an electron, and the atom has one more elec- 
tron than it needs to neutralize the charge on its 
nucleus. 

These charged atoms, or ions as they are 
called, are fixed in place in the crystal lattice 
structure, and cannot move. Thus, they make 
up a layer of fixed charges on the two sides of 
the junction. On the N side of the junction there 
is a layer of positively charged ions; on the P 
side of the junction there is a layer of negatively 
charged ions. 

Notice in figure 2-9, B, that the re is a barrier 
of negative ions on the P side of the junction. 
This negative barrier will repel electrons from 
the immediate vicinity of the junction, and will 
prevent the diffusion of any more electrons from 
the N side over into the P side of the crystal. 
Similarly on the N side of the junction there is 
a barrier of positive ions which will repel holes 
away from the immediate vicinity of the P side 
of the junction and prevent the diffusion of any 
additional holes across the junction from the 
P material into the N-type material. 

The two layers of ionized atoms form a 
barrier to any further diffusion across the junc- 
tion. Because the charges at the junction force 
the majority carriers away from the junction, 
the barrier is known as the depletion layer. It 
is also known as the barrier layer, or barrier 
potential 

The charge on the impurity atoms is dis- 
tributed across the PN junction as shown in 
figure 2-9, B, curve 1. In the P region the 
ionized acceptors have a negative charge, and 
in the N region the ionized donor atoms have 
a positive charge. At the junction the charge 
is zero. 

However, in the P region there are holes 
which have a positive charge and in the N region 
there are free electrons which have a negative 
charge. The distribution of holes and free elec- 
trons is shown by curve 2 (fig. 2-9, B). 

The potentials at the junction have driven 
the holes away from the junction in the P region 
and the electrons away from the junction in the 
N region so that the charges in the P region and 
in the N region are moved further apart. Thus, 
the slope of curve 2 is more gradual that that 
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of curve 1. The charge at the junction is zero, 
but the rise on either side is more gradual than 
that of curve 1. Moving further into<he P region 
the charge becomes positive due to the holes; 
moving into the N side of the crystal the charge 
is negative due to the electrons. 

The net charges on the crystal in the P region 
is equal to the difference between the charge on 
the ionized acceptor atoms and the charge on the 
holes. The net charge on the crystal in the N 
region is equal to the difference between the 
charge of the ionized donor atoms and the elec- 
trons. These charges cancel except in the im- 
mediate region of the junction. This arrange- 
ment is indicated by curve 3 which is the sum 
of curves 1 and 2 (fig. 2-9, B). 

In the area near the junction there is a nega- 
tive charge in the P region and a positive charge 
in the N region. As stated earlier, they act 
as a barrier to prevent further diffusion of holes 
from the P region into the N region and the 
diffusion of electrons from the N region into the 
P region. This potential barrier is a potential 
difference (or voltage) across the junction and is 
of the order of a few tenths of a volt. It may be 
represented as a dotted battery with the negative 
terminal connected to the P- mate rial and the 
positive terminal connected to the N-type ma- 
terial (top of fig. 2-9, 

This barrier potential is like the plate- 
cathode voltage of a diode. If the plate is made 
positive with respect to the heated cathode the 
diode can be made to conduct a current. If the 
plate is made negative with respect to the cathode 
the diode will block the flow of current. Thus 
the diode tube is a rectifier. The semiconductor 
diode is also a rectifier. 

Effect of Intrinsic Conduction 

A limitation imposed on the junction diode 
is the result of hole -electron pairs that are 
being formed at random within the crystal due 
to energy imparted to the crystal by heat, light 
and electromagnetic radiation. Away from the 
depletion layer these carrier pairs will recom- 
bine without materially affecting the carrier 
concentration in the crystal. In other words the 
holes will remain the majority carriers in the 
P material and electrons will remain the major- 
ity carriers in the N material. 

However, as previously mentioned, both holes 
and electrons are involved in conduction at all 



times. There are minority carriers in both 
regions; holes in the N material and electrons 
in the P material. The holes produced in the 
N material near the junction are attracted by 
the negative ions on the P side of the junction 
and pass across the junction. These holes will 
tend to neutralize the negative ions on the P side 
of the junction. Similarly free electrons pro- 
duced on the P side of the junction will pass 
across the junction and neutralize positive ions 
on the N side of the junction. This action is an 
example of intrinsic conduction which is un- 
desirable. 

This flow of minority carriers weakens the 
potential barrier around the atoms that they 
neutralize. When this happens, majority 
carriers are able to cross the junction at the 
location of the neutral atom. This means that 
holes from the P-material will cross over to 
the N-material and electrons from the Im- 
material will cross over to the P-material. 

This action results in both holes and elec- 
trons crossing the junction in both directions. 
These motions cancel each other and the net 
movement contributes nothing toward the net 
charge or current flow through the junction. 
Because of intrinsic conduction the junction is 
no longer a rectifier when an external voltage 
is applied across it. It is analogous to an 
electron- tube diode in which not only the cathode 
emits electrons but the plate is heated to the 
point where it also will emit enough electrons 
to break down the rectifying properties of the 
diode. 



BIASED JUNCTIONS 

If a battery is connected across the PN 
junction the battery potential will bias the junc- 
tion. If the battery is connected so that its volt- 
age opposes the barrier potential across the 
junction it will aid current flow through the 
junction and the junction is said to be biased 
in the forward direction (low resistance). If 
the battery is connected across the junction so 
that its voltage aids the barrier potential across 
the junction it will oppose current flow through 
the junction and the junction is said to be 
reversed-biased or biased in the reverse direc- 
tion. This is the direction of high resistance. 
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Forward Bias 

The forward bias connection is illustrated in 
figure 2-10, A. Here the positive terminal of 
the bias battery is connected to the negative side 
of the barrier potential (P-type side of the junc- 
tion) and the negative terminal of the battery is 
connected to the positive side of the barrier 
potential (N-type side of the junction). 

The positive terminal of the battery connected 
to the end of the P-type germanium, repels 
holes toward the junction and attracts electrons 
from the negative ions near it. The combination 
of holes moving towards the junction to neutralize 
charged negative ions on the P side of the junc- 
tion, and electrons taken from the negatively 
charged acceptor atoms, tends to neutralize the 
negative charge of the barrier potential on the 
P side of the junction. 

On the N side of the crystal the negative 
terminal of the battery repels electrons towards 
the junction. These electrons tend to neutralize 
the positive charge on the donor atoms at the 
N side of the junction. At the same time the 
negative terminal of the battery attached to the 
N side of the crystal attracts holes away from 
the charged positive ions (donor atoms) on the 
N side of the junction. Both of these actions 
tend to neutralize the positive charge on the 
donor atoms at the junction, thereby reducing 
the barrier potential. 

The effect of the battery bias voltage in the 
forward direction is to reduce the barrier po- 
tential across the junction and to allow majority 



carriers to cross the junction. Thus, more 
electrons flow from the N-type material across 
the junction. At the same time more holes 
travel from the P-type germanium across the 
junction where they combine with the electrons 
from the N-type material. 

At the same time that the hole and electron 
movement is going on in the crystal, electrons 
are moving from the negative terminal of the bias 
battery in the external circuit to the N-type 
terminal, and electrons are moving from the P- 
type terminal in the external circuit to the posi- 
tive terminal of the battery. 

It is important to remember that in the for- 
ward biased junction condition, conduction is by 
the majority carriers (holes in the P-type ma- 
terial and electrons in the N-type material). 
Increasing the battery voltage will increase the 
number of majority carriers arriving at the 
junction and the current flow increases. The 
only limit to current flow is the resistance of 
the material on the two sides of the junction. 
If the battery voltage is increased to the point 
where the barrier potential across the junction 
is completely neutralized heavy current will 
flow and the junction may be damaged from the 
resulting heat. Therefore, the voltage of the 
bias battery is limited to a relatively small 
voltage. 

Reverse Bias 

With reverse bias applied to the junction 
diode the negative terminal of the battery is 
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connected to the P-type section and the positive 
terminal connected to the N-type section. The 
negative terminal attracts holes away from the 
junction and depletes the holes in the P material. 
At the same time the positive terminal of the 
battery attracts electrons away from the junction 
and increases the shortage of electrons on the 
N side of the junction. This action increases the 
barrier potential across the junction because 
there are fewer holes on the P side of the junc- 
tion to neutralize the negative ions, and fewer 
electrons on the N side to neutralize the positive 
ions formed on this side of the junction. The 
increase in barrier potential helps to prevent 
current flow across the junction by majority 
carriers. 

The current flow across the barrier is not 
zero, however, because of minority carriers 
crossing the junction. Holes forming in the N 
side of the depletion layer are attracted by the 
negative potential applied to the end of the P- 
type section; electrons breaking loose from their 
outer shells in the atoms of the P material are 
attracted by the positive voltage applied to the 
end of the N-type section of the germanium. 

This situation was described as intrinsic 
conduction or hole -electron pairs continually 
forming at random within the crystal (before 
any bias is applied) due to the energy of the 
crystal. With no bias applied to the crystal, 
minority carriers neutralize ions near the junc- 
tion and allow majority carriers to cross the 
junction. With bias applied, the minority car- 
riers are attracted away from the junction by 
the potential applied across the crystal so that 
all of the minority carriers do not remain near 
the junction to neutralize charged atoms. Hence 
the minority carriers no longer allow the passage 
of an equal number of majority carriers in the 
opposite direction. The flow of minority car- 
riers across the junction is not fully offset by 
a flow of majority carriers in the opposite direc- 
tion. Therefore, there is a small current flow 
across the junction caused by the minority 
carriers crossing the junction. This current 
flow is small and nearly constant at normal 
operating voltages. 

Reverse bias (also called backward bias) 
applied across a junction diode increases the 
barrier potential, making it more difficult for 
majority carriers to cross the junction. How- 
ever, some minority carriers will still cross the 
junction with the result that there will be a small 



current. This action is indicated in the static 
curve for a germanium crystal diode (fig. 
2-11, A). The forward portion of the curve 
indicates that the diode conducts easily when the 
potential across the junction is in the direction 
of forward bias (P side positive and N side 
negative). The diode conducts poorly in the high 
resistance direction (backward bias, P side 
negative and N side positive). For this condi- 
tion the holes and electrons are drawn away 
from the junction, causing an increase in the 
barrier potential. However, if the backward 
bias is increased beyond a critical value (about 
70 volts for some typical designs), the reverse 
current increases rapidly due to avalanche 
breakdown. 

Avalanche breakdown occurs when the applied 
voltage is sufficiently large to cause the co- 
valent bond structure to break down. At this 
point a sharp rise in reverse current occurs. 
The acceleration of the few holes and electrons 
continues to such a point that they have violent 
collisions with the valence bond electrons of the 
germanium crystal atoms releasing more and 
more carriers. The maximum reverse voltage 
of the semiconductor diode corresponds to the 
peak inverse voltage of an electron-tube diode. 
Static characteristics for several semiconductor 
diodes are illustrated in figure 2-11, B. 

Semiconductor diodes operated in the reverse 
voltage breakdown region (lower left portion of 
static characteristics) are used as voltage regu- 
lators. Various types of voltage regulators are 
described in chapter 3 of this training course. 

COMPARISON WITH ELECTRON- 
TUBE DIODE 

Although junction diodes and electron-tube 
diodes operate differently they are used to per- 
form the same jobs, and so may be compared. 
When there is no voltage applied across a junc- 
tion diode from an external source, the net cur- 
rent flow across the junction is zero (fig. 2-11). 

When no voltage is applied between the plate 
and cathode of an electron-tube diode, and the 
cathode is heated, some of the electrons leave 
the cathode with sufficient speed to travel across 
the space between the cathode and plate and 
reach the plate. Thus a small current flows 
even though no external voltage is applied across 
the plate-cathode circuit. 
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Figure 2-11.— Static characteristics of solid state diodes. 
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Placing a voltage across the plate-cathode 
circuit of an electron-tube diode, with the plate 
connected to the positive terminal of the battery 
and the cathode connected to the negative termi- 



nal, is similar to placing a forward bias connec- 
tion across a junction diode. The forward bias 
battery positive terminal is connected to the P 
side of the junction, and the negative terminal of 
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the battery Is connected to the N side of the 
junction. For both tube and junction diodes there 
is a current flow. Both are similar. 

When a reverse bias voltage is applied across 
the electron-tube diode (plate negative, cathode 
positive) no current will flow through the tube. 
Electrons leaving the cathode are repelled by 
the negative potential on the plate so that no 
plate current will flow. However, in a junction 
diode, there will be some reverse current with 
reverse bias due to conduction by minority 
carriers. The current flow will remain a small 
value unless the reverse bias voltage is in- 
creased to a large amount, as previously de- 
scribed in connection with avalanche breakdown. 



POINT CONTACT DIODE 

Another type of semiconductor diode is the 
point contact diode (fig. 2-12). A schematic 
drawing is shown in figure 2-12, A. Unlike the 
junction diode, the point contact diode depends 
on the pressure or contact between a point and a 
semiconductor crystal for its proper operation. 

One section consists of a small rectangular 
crystal of N- type germanium. A fine beryllium- 
copper, phosphor-bronze, or tungsten wire 
called the catwhisker presses against the crystal 
and forms the other part of the diode. The 
reason for using a fine pointed wire instead of 
a flat metal plate is to produce a high intensity 
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electric field at the point contact without using 
too large an external voltage source. As previ- 
ously mentioned, it is not possible to apply large 
voltages across semiconductors because of 
excessive heating. 

The opposite end of the catwhisker is one 
terminal of the diode. It has a low resistance 
contact to the external circuit. Figure 2-12, B, 
illustrates a cutaway view of the point contact 
diode and the low resistance path to the external 
circuit. A flat metal plate on which the crystal 
is mounted forms the lower contact of the diode 
with the external circuit. Both contacts with the 
external circuit are low resistance contacts. 
The conventional symbol for the crystal diode 
is shown in figure 2-12, C. The arrow points 
in the direction of conventional current flow; 
electron flow is in the opposite direction. 

During the manufacturing process of the point 
contact diode, a relatively large current is 
passed from the catwhisker to the germanium 
crystal. The result of this large current is the 
formation of a small region of P material around 
the crystal in the vicinity of the point contact, as 
shown in figure 2-12, D. Thus, there is a PN 
junction formed which behaves in the same way 
as the PN junction previously described. 

The characteristics of the point contact diode 
under forward and reverse bias are somewhat 
different from those of the junction diode. With 
forward bias the resistance of the point contact 
diode is higher than that of the junction diode. 
With reverse bias the current flow through a 
point contact diode is not as independent of the 
voltage applied to the crystal as it is in the junc- 
tion diode. The point contact diode has an ad- 
vantage over the junction diode in that the capac- 
itance between the catwhisker and the crystal is 
less than the capacitance between the two sides 
of the junction diode. As such, the capacitive 
reactance existing across the point contact 
diode is higher and the capacitive current that 
will flow in the circuit at high frequencies is 
smaller and creates less disturbance. 

MAXIMUM RATINGS 

Semiconductor diodes are specified accord- 
ing to the applications for which they are to be 
used. Two maximum ratings are usually given: 
the maximum reverse voltage, and the maximum 
value of the average forward current. The 
maximum permitted average forward current 



depends upon the internal heating and the maxi- 
mum allowable temperature. For germanium 
the maximum allowable temperature is 100° C: 
for silicon it is 225° C. The maximum forward 
current in the current that will cause the junc- 
tion temperature to rise to the specified upper 
limit. The surrounding temperature is taken 
as 25° C which is average room temperature. 

Maximum allowable reverse voltage is also 
related to allowable termperature rise. A cer- 
tain value of reverse current is taken as a 
reference and the measured reverse voltage 
required to sustain this current is termed the 
maximum value. For general purpose silicon 
diodes, the reference current is often taken as 
100 microamperes; for germanium diodes 1.5 
milliamperes is frequently specified. 

Crystal diodes frequently contain heat radi- 
ators often called "heat sinks M to prevent the 
temperature rise from exceeding the maximum 
permissible value. These radiators surround 
the crystal diode with sufficient metal surface 
to conduct the heat away from the junction 
rapidly enough to prevent excessive tempera- 
ture rise even though the power loss is high or 
the room temperature is above normal. 

DIODE TYPES AND USES 

There are many different types of crystal 
diodes in use today. They vary in size from tiny 
ones hardly bigger than a pin head (used in sub- 
miniature circuitry such as computers and 
satellites) to large 500 ampere rectifiers used 
in power supply applications. Figure 2-13 illus- 
trates some of the various types that are pres- 
ently being manufactured. The elements ger- 
manium and silicon are used most often in these 
devices. Certain compounds such as gallium 
arsenide^ indium antimonide, and silicon carbide 
are being developed for special applications such 
as high temperature operation. Substances most 
often used as impurity agents (dopants) are 
aluminum, arsenic, gallium, and indium. 

SEMICONDUCTOR TRIODES 

Although semiconductor dioues can permit 
more current to flow in one direction than the 
other (ability to rectify) they cannot amplify 
a signal. Three element semiconductors (like 
the three element electron tube) are needed in 
order to amplify a signal. 
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Figure 2-13.— Types of diodes. 



Semiconductors that can amplify a signal are 
called transistors. There are many different 
types of transistors with individual characteris- 
tics, but the theory of operation is basic to all 
of them. 

The point contact transistor was developed 
first. The junction transistor followed later. 
Transistors are classed as PNPor NPNaccord- 
ing to the arrangement of the impurities in the 
crystal. Both point contact transistors and 
junction transistors contain two of the basic 
PN junctions previously described. 



POINT CONTACT TRANSISTOR 

The point contact transistor is similar to 
the point contact diode except that it has two 
catwhiske rs inste ad of one . The two catwhiske r s 
are placed with their point contacts very close 
together (about 0.002 inch). The diameter of the 
contacts is about 0.005 inch. The contacts are 
arranged to provide a spring-like pressure on 
the flat surface of the crystal. 

The crystal may be either N-type or P-type 
germanium. During the manufacturing process 
a large current is passed from the catwhiskers 
into the crystal. This action forms a small 
region around the point contacts of P-type ma- 
terial (fig. 2-14, A) when the crystal is N-type 
germanium, or N-type material (fig. 2-14, B) 
when the crystal is P-type germanium. The 
same action occurs in the manufacturing process 
of the point contact diode previously described. 
Both point contact transistors contain two PN 
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Figure 2-14.— Point contact transistor. 
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junctions indicated as semicircles in the vicinity 
of the catwhiskers. The base, B, forms a com- 
mon connection between the two junctions and the 
external circuit One catwhisker is called the 
emitter, E; the other is called the collector, C. 
Thus, one PN junction is between the emitter 
and the base. The other PN junction is between 
the collector and the base. The point contact 
transistor is called either a PNP (fig, 2-14,A) 
or an NPN (fig. 2-14, B) point contact transistor. 

The emitter-base junction in both transistors 
is forward biased, and the collector-base 
junction reverse biased. The effect of forward 
and reverse bias on the barrier potential across 
a PN junction was described in detail in connec- 
tion with semiconductor diodes. 

The effect of forward bias across the PN 
junction between the emitter and the base in the 
point contact transistor is to lower the barrier 
potential and to increase the flow of majority 
carriers across the junction. The emitter is so 
named because its function is to emit majority 
carriers across the junction. 

Consider the action in the PNP point contact 
transistor of figure 2-14, A. The positive ter- 
minal of the left-hand battery is connected to the 
P material in contact with the emitter. The 
negative terminal of the battery is connected to 
the N material in contact with the base of the 
crystal. In accordance with the previously de- 
scribed action of forward bias across a PN 
junction, holes are emitted from the P material 
across the PN junction as electrons are emitted 
from the N material. Some of these holes will 
enter the N material as minority carriers. They 
have an important effect on the reverse biased 
collector-base PN junction. The holes will 
attract electrons assisting them across the 
collector-base PN junction increasing the col- 
lector current proportionately. 

Hole Injection 



tion is analogous to that of a space charge or 
cloud of positive ions in a conducting gas tube. 
The positive ions neutralize a portion of the 
negative space charge around the cathode, there- 
by increasing plate current. In the transistor, 
the holes injected from the emitter attract 
additional electrons across the collector PN 
barrier and increase the flow of collector cur- 
rent. 

Current Gain 

In the point contact transistor (either PNP 
or NPN) the total collector current is greater 
than the emitter current. This action is equiva- 
lent to current gain. Current gain is the ratio 
of the change in collector current resulting from 
a given change in emitter current for a constant 
collector-base voltage. The symbol for current 
gain is ace and is read alpha c-e, meaning the 
ratio of collector to emitter current change. 
The current gain for point contact transistors 
is of the order of 2 or 3. Current gain is anal- 
ogous to the amplification factor of an electron- 
tube triode in which a small change in grid- 
cathode voltage produces the same change in 
plate current that a much larger change in 
plate -cathode voltage produces. 

JUNCTION TRANSISTORS 

The junction transistor (PNP and NPN) em- 
ploys the same semiconductor materials as the 
point-contact transistor but is arranged in the 
form of a sandwich. The basic PN junction is 
used. However, such a junction cannot be made 
satisfactorily by simply bringing two surfaces 
together mechanically because of the difficulty 
in achieving the necessary smoothness and 
cleanliness of the surface to be joined. Instead, 
the junction is formed by a diffusion or alloy 
process. 



The movement of holes from the emitter 
region into the collector region is known as 
HOLE INJECTION. As holes are injected into 
the collector region of the N material, they 
exert an attractive force on the electrons, as- 
sisting them across the PN barrier around the 
collector, and increasing the collector current. 
The effect is to neutralize the barrier potential 
in proportion to the hole injection so that more 
electrons can flow across the barrier. The ac- 



PNP Junction Transistors 

Current flow in the external circuits of fig- 
ure 2-15 consists of electron movement in a 
counterclockwise direction in both the emitter 
and collector circuits. Current flow within the 
P material of the transistor consists of the 
movement of holes through the P material from 
the positive terminal to the negative terminal. 
Current flow in the N material of the transistor 
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Figure 2-15.— Current flow in PNP junction transistors. 



consists of the movement of electrons from the 
collector PN junction to the base and from the 
base to the emitter PN junction. 

NPN Junction Transistors 

The paths for current flow in an NPN junction 
transistor are indicated in figure 2-16. The 
barrier potentials across the two junction planes 
are opposite to those of the PNP junction transis- 
tor. The dotted battery symbols represent these 
potential hills. The emitter circuit is biased in 
the forward direction and the collector circuit 
is biased in the reverse, or high-resistance, 
direction. 

Electrons flow in the external circuits of 
the emitter and the collector in a clockwise 
direction. The emitter bias neutralizes the 
barrier potential across the emitter PN junction, 
allowing electrons to be injected from the emitter 
through the barriers into the collector P region. 
The majority carriers in the P material are 
holes. 

As electrons move across the narrow P 
region of the NPN junction transistor, a certain 
amount of recombination of electrons with holes 
will occur. This action somewhat reduces the 
available current gain of the transistor by caus- 
ing less increase in collector current for a 
given increase in emitter current. 



The voltage and power gains of the NPNjunc- 
tion transistor are of about the same magnitude 
as those of the PNP junction transistors. Like 
those of the grounded base PNP transistors 
previously described, these gains are principally 
because of the high resistance of the collector 
circuit compared to the low resistance in the 
emitter circuit. 

Comparison with Electron-Tube Triode 

The three elements in a triode electron tube 
and the corresponding elements in the PNP and 
NPN junction transistors are illustrated in fig- 
ure 2-17. 

The transistors have a collector terminal that 
corresponds to the triode plate, a base terminal 
that corresponds to the triode grid, and an emit- 
ter terminal that corresponds to the triode 
cathode. In the PNP transistor the collector 
collects holes. In the NPN transistor the col- 
lector collects electrons. The corresponding 
symbols for the PNP and NPN junction transis- 
tors are shown at the right of the schematic 
drawings in figure 2-17. 

The cathode of the electron- tube triode is 
common to the grid input and plate output cir- 
cuits. The emitter is common to the base input 
and collector output circuits. The grid-bias 
battery in the electron-tube triode corresponds 
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Figure 2-16. — NPN junction transistor. 




Figure 2-17.— Corresponding elements in triode and transistor. 
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to the base-emitter bias battery in the transis- 
tor input circuit. Signal voltages are developed 
across the resistors. This action is described 
later in this training course under amplifiers. 

For a grounded-emitter PNP-junction tran- 
sistor, the relation between collector cur- 
rent and collector voltage for different values 
of emitter-base current, lb is illustrated in 
figure 2-18. The circuit for determining the 
relation between these values is illustrated 
in figure 2-18,A. Battery and potentiometer 
Rb bias the base-emitter input circuit in the 
forward, or low-resistance, direction for a 
PNP junction transistor. Moving the poten- 
tiometer arm of Rb toward the negative end 
of Rb will increase the forward bias on the 
input circuit and therefore will increase lb 
and I c . Moving the arm of potentiometer 
R c toward the negative end of R c will increase 
the collector voltage, V c . 

Collector current is measured along the 
X axis, and collector voltage is measured along 
the Y axis in the collector characteristic 
curves (fig. 2-18,B). These curves represent 
the relation between collector current and 
collector voltage for various values of emitter- 
base current. The curves indicate that col- 
lector current (I c ) depends principally upon 
the magnitude of the emitter (base) current 
(lb) and that, for a given value of emitter 
current, wide variations in collector voltage 
will have little effect on the magnitude of 
the collector current. 









E 


r-frcVn 












35) 














■fl 



A PNP TRANSISTOR GROUNDED EMITTER CIRCUIT 



COLLECTOR CURRENT, I c 
-lOmo -8mo -6mo -A mo -2 mo 



1 m |. 

pi J I 

§ i J 
*/*/<?/ 






fl 






o 












r> I 

» I 




l 

O o 












8 
►41 


l o ■ 
■ 

M | 



-3 

-10 </> 

S 

-15 g 
o 
_j 

-20g 



B TRANSISTOR CHARACTERISTICS 1.2*2 

Figure 2-18.— Grounded emitter PNP junctions 
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CHAPTER 3 

POWER SUPPLIES FOR ELECTRONIC EQUIPMENTS 



INTRODUCTION 

The electron tubes in the various electronic 
equipments used in the Navy require voltages of 
various values for their filament, grid, screen, 
and plate circuits. It is the function of a power 
supply to supply these voltages at the necessary 
current ratings. Except for filament power, 
which may be alternating current, the output 
from a power supply must be nearly pure direct 
current, and the voltage must be of the correct 
value for the circuits of the equipment being 
used. Transmitters require more power than 
receivers, and consequently transmitter power 
sources must supply higher voltages with greater 
current ratings than receiver power sources. 

Power used to heat the filaments of tubes is 
sometimes called the A supply and is normally 
furnished at a low voltage, with a relatively high 
current drain. In portable and mobile equip- 
ments filament power is furnished by batteries, 
generators, or dynamotors. In permanent land- 
based or shipboard installations, filament power 
is obtained from the standard a-c line via step- 
down transformer. 

The plate and screen power supply, normally 
called the B supply, furnishes power at a 
relatively high voltage and low current. In 
portable equipment the plate voltage may be 
supplied by batteries or a hand generator. Mobile 
sets may employ dynamotors or vibrators 
operated from batteries to generate the high 
voltage necessary for the plates and screens. 
Permanent installations ordinarily use a 
transformer- rectifier-filter system for the 
high-voltage plate and screen supply. 

When a separate grid-bias voltage is used, it 
is sometimes called the C supply. In many 
instances grid-bias voltage is obtained by some 
means of self-bias. However, for large power- 
amplifier tubes, or where self-bias is not 
satisfactory, a separate transformer-rectifier- 
filter system or a d-c generator may be em- 
ployed. 



Radio power supplies may be conveniently 
divided into three general classes— battery, 
alternating current, and electromechanical sys- 
tems. However, in this chapter primary con- 
sideration is given to obtaining the necessary 
d-c potentials from an a-c source via a 
transformer- rectifier-filter system. Dyna- 
motors and vibrator power supplies are also 
treated briefly in this chapter; but batteries and 
generators are included in basic electricity texts 
and hence are not discussed in this chapter. 

B-VOLTAGE SUPPLY 

The B supply for Navy electronic equipment 
is generally obtained via a transformer- 
rectifier- filter system from the ship's a-c bus. 
The voltage and phase considerations are de- 
pendent upon the type of ship. On ships having 
direct current as the power source, a motor- 
generator is generally utilized to supply alter- 
nating current to the electronic equipment. 
There are many types of low-power emergency 
communications equipment that use storage 
batteries or dry batteries for power sources. 
Such equipments use vibrator-type rectifier 
circuits or dynamotors to convert the low d-c 
voltage into a d-c voltage sufficiently high for 
the plates and screen grids. 

Airborne equipments use dynamotors for the 
high-voltage B supply. Inverters are also used 
in airborne equipments. An inverter utilizes a 
low-voltage d-c supply to operate a d-c motor 
which in turn drives an a-c generator. The a-c 
generator supplies power generally at 400 or 
800 cycles. Electromechanical systems such 
as these are treated later in this chapter. 

If it is assumed that a suitable a-c supply 
is available, the problems involved in obtaining 
a suitable high d-c potential are as follows: (1) 
if the voltage is not sufficiently high, a step-up 
transformer must be provided: (2) the voltage 
must be rectified— that is, changed into pulsating 
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direct voltage; (3) the ripples must be removed; 
and (4) some form of voltage regulation must be 
employed. Most of the remainder of this chapter 
is devoted to these problems. 

RECTIFIERS FOR POWER SUPPLIES 

The majority of rectifier systems employing 
electron tubes utilize either high-vacuum or 
gas-filled tubes. The high-vacuum diode is the 
most widely used in low- current applications. 
The hot-cathode mercury-vapor tube is widely 
used in high-current applications. The presence 
of mercury vapor in the tube envelope reduces 
the vacuum and results in low internal resist- 
ance, thus allowing a large amount of current 
to be drawn. 

On the other hand, dry-disk rectifiers, such 
as selenium and copper-oxide rectifiers, do not 
employ electron tubes. Selenium rectifiers are 
sometimes used as plate-supply rectifiers in 
small radio receivers. Copper-oxide rectifiers 
have miscellaneous applications, for example, 
they may be used as instrument rectifiers or 
bias-supply rectifiers. Both of these rectifiers 
have the advantage of not requiring heater 
current or warmup time. 

High-Vacuum Rectifiers 

A diode acts as a rectifier because it passes 
current in only one direction - from cathode to 
plate. Conduction takes place only when the 
plate is positive with respect to the cathode. 
The characteristics of diodes are discussed in 
chapter L The important characteristics of the 
high-vacuum rectifier tube are its maximum 
peak plate current and its maximum inverse 
peak plate voltage ratings. 

The peak plate current is limited by the num- 
ber of electrons emitted by the cathode and 
therefore is dependent upon cathode construc- 
tion. It is evident that current in a single-diode 
rectifier never flows for more than one-half of 
each a-c cycle. At the power frequency, the 
d-c output current as indicated by a meter is 
less than one-half the peak plate current. 

The peak inverse plate voltage is the peak 
negative voltage that is applied to the plate 
during the portion of the cycle when the tube is 
not conducting. The d-c output voltage and 
peak inverse voltage vary with the type of 
circuit. In general, the peak inverse voltage is 



equal to or twice the peak value of the d-c 
output voltage. 

An important factor in circuit design utilizing 
high-vacuum tubes is the voltage drop across 
the tube during the conducting half cycle. In 
most high-vacuum rectifiers this voltage drop is 
relatively large compared to the drop in gas- 
filled tubes and is the limiting factor in the 
design of high-current electron-tube rectifiers. 
The drop increases with an increase in current 
and results in poor regulation for high- current 
applications. High-vacuum rectifiers are used 
almost universally in receiver power supplies 
and also in many high- voltage low- cur rent 
applications. 

The types of rectifiers used in receivers 
are generally provided with directly heated, 
oxide-coated filaments. Most of these rectifiers 
consist of two units in a single envelope because 
they are generally used in pairs for full-wave 
operation (described later). 

In addition to low-power applications, high- 
vacuum rectifiers for high-voltage applications 
have been designed to withstand a peak inverse 
voltage of 100,000 volts. Commercial units 
have been built to provide peak plate currents 
as high as 7.5 amperes. High-vacuum rectifiers 
are seldom used for high-voltage high-current 
applications except where inherent ruggedness 
outweighs the other disadvantages. The 
mercury- vapor rectifier is used in the majority 
of medium- and high-power equipments. 

RECTIFIER CIRCUITS 

Half-Wave Rectifier 

A half- wave rectifier is a device by means of 
which alternating current is changed into 
pulsating direct current by permitting current to 
flow through the device only during one-half of 
each cycle. 

In a diode, electrons are attracted to the plate 
when it is more positive than the cathode. When 
the plate becomes negative with respect to the 
cathode, electrons are repelled by it and no 
electron stream can flow in the tube. Therefore, 
a single diode may be used as a half-wave 
rectifier because electrons can flow in the tube 
during only the half of the cycle when the plate 
is positive relative to the cathode. 

Figure 3-l,A, shows a simple half-wave 
rectifier circuit. The primary winding of the 
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transformer is shown connected to an a-c input 
source. The principal action of the transformer 
is to increase the voltage from 115 volts to a 
higher value in the main secondary winding. The 
action of the small secondary winding at the top 
of figure 3-1, A, steps down the 115 volts to a 
suitably lower voltage. It supplies heater cur- 
rent to the filament of the rectifier tube. The 
actual connections of this winding are not shown 
in the figure, but are indicated by the symbol, 
XX. 




A 
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PEAK AND AVERAGE VOLTAGE 2 0.27 

Figure 3-1.— Simple half- wave rectifier 
circuit and waveforms. 

The upper end of the high- voltage secondary 
winding is connected to the plate of the diode and 
the other end is connected to a junction with 
ground and a load resistance represented by the 
resistor, R. The load resistor is connected to 
the cathode and is in series with the tube. 

The operation of the circuit is illustrated by 
the waveforms at the right of figure 3-U The 
alternations of the input voltage, ei, are re- 
produced by the transformer with an increase 
in voltage, e2, in the secondary winding. The 
waveforms indicate a 180° difference in phase 
between ei and e2. This difference is charac- 
teristic of induced voltages. The induced 



secondary voltage, e2, is impressed across the 
diode and its series load resistance. This 
voltage causes current i to flow through the 
diode and its series resistor on the positive 
half cycles (when the plate is positive). The 
resultant output voltage, e3, across the load 
has a pulsating waveform, as shown in the 
figure. This pulsating waveform is called a 
RIPPLE VOLTAGE. 

When point 2 is positive and point 1 is nega- 
tive, electrons flow from the ground junction 
(1), through the load resistor (R), to the cathode, 
to the plate, and thus to the upper terminal (2) 
of the transformer. The secondary winding 
thus acts as the immediate source of voltage 
for the current flow. 

Because current flows in only one direction 
(point 1 to point 2) through the diode and its 
load, the polarity of the voltage across the load 
resistance is always as shown. The fact that 
the positive point of the load resistance is con- 
nected to the cathode of the tube may be con- 
fusing when the cathode is thought of as being 
the negative element of the tube. However, 
the only requirement necessary for conduction is 
that the plate be more positive than the cathode. 
The cathode can be positive with respect to 
other points in the circuit. The voltage drop 
across the tube is usually quite small when 
compared with that across the load resistance. 

The load is connected to the cathode, as 
shown, rather than in the plate circuit to enable 
the use of a common ground for the negative 
side of the load and transformer winding, with 
ground continuity maintained throughout the en- 
tire input cycle. 

The half-wave rectifier utilizes the trans- 
former during only one-half of the cycle, and 
therefore for a given size of transformer less 
power can be developed if the transformer were 
utilized on both halves of the cycle. In other 
words, if any considerable amount of power is to 
be developed in the load the half-wave trans- 
former must be relatively large compared with 
that it would have to be if both halves of the cycle 
were utilized. This disadvantage limits the use 
of the half-wave rectifier to applications that 
require a very small current drain. The half- 
wave rectifier is widely used for commercial 
a-c d-c radio receivers and for the accelerating 
voltage supplies of oscilloscopes. 
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For a half-wave rectifier (assuming half 
sine waves, as shown) the rms voltage, E, in 
the tube is 

_ 6 max X 0.707 

E = g 

and the average voltage (fig. 3-1, B) is 
e max X 0.636 

E x 

2 

The rms and average output currents are de- 
termined in the same way. 

Because the d-c load current flows through 
the transformer secondary in only one direction, 
there is a tendency for the molecules in the iron 
core to become oriented in one direction. This 
effect is called D-C CORE SATURATION and 
reduces the effective inductance of the trans- 
former. The net effective inductance with the 
d-c core saturation effect present is known as 
TRANSFORMER INCREMENTAL INDUCT- 
ANCE. Thus, the transformer incremental in- 
ductance is reduced with increasing d-c load 
current. The resultant effect is to decrease the 
primary counter emf to a greater degree and 
thus increase the load component of primary 
current correspondingly. Therefore, the ef- 
ficiency of the transformer is reduced and the 
regulation is impaired. The output is far from 
being a continuous d-c voltage and current and 
for these reasons the half- wave rectifier circuit 
is seldom used for high current loads. 

Full-Wave Rectifier 

A full-wave rectifier is a device that has 
two or more elements so arranged that the 
current output flows in the same direction during 
each half-cycle of the a-c supply. 

Full-wave rectification may be accomplished 
by using two diodes in the same envelope (a dual 
diode) with a common cathode connected to one 
end of the load resistance, as shown in figure 
3-2,A. The other end of the load resistor is 
connected to the center tap, C, of the trans- 
former secondary. The two halves of the 
secondary winding, AC and BC, may be a 
center-tapped winding as shown, or they may 
be separate windings. In either case the load 
circuit is returned to a point midway in poten- 
tial between A and B so that the load current 
is divided equally between the two tubes. 
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Figure 3-2.— Simple full-wave circuit and 
waveforms. 

That part of the secondary winding between 
A and C may be considered a voltage source 
that produces a voltage of the shape shown at 
(I) in figure 3-2,A. This voltage is impressed 
across the plate to cathode of VI in series with 
load resistor R. During the half- cycle, marked 
tii the plate of VI is positive with respect to 
its cathode. Therefore, electrons flow in the 
direction indicated by the solid arrows. This 
flow of electrons from ground up through load 
resistor R makes the cathode positive with 
respect to ground. Thus the load voltage is 
developed across R between cathode and ground. 
During this same half-cycle the voltage across 
BC is negative, as shown at (2) in figure 3-2,A, 
and the plate of V2 is negative with respect to 
the cathode. Thus during the time VI conducts, 
V2 is nonconducting. A half-cycle later, during 
interval t2, the polarity of the voltages on the 
plates of the two tubes is reversed. V2 now 
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conducts, and VI is nonconducting. The electron 
flow through V2 is in the direction indicated by 
the dotted arrows. This current also flows 
from ground up through R and makes the cathode 
positive with respect to ground. Thus another 
half-cycle of load voltage is developed across 
R. A study of the figure shows that only 
one section of the twin diode is conducting at 
any given instant. 

Because there are two pulsations of current 
in the output for each cycle of the applied 
alternating voltage, the full-wave rectifier uti- 
lizes the power- supply transformer for a greater 
percentage of the input cycle. Hence, the full- 
wave rectifier is more efficient than the half- 
wave rectifier, has less ripple effect, and may 
be used for a much wider variety of applications. 

For a full- wave rectifier (having sine waves, 
as shown) the rms output voltage, E, across the 
load is 

E = e max X 0.707 

and the average voltage (shown in fig. 3-8, B) is 

E = e X 0.636 
av max 

The rms and average output currents are 
similarly determined. In the case of both the 
half-wave and the full-wave rectifier, no filter- 
ing is assumed in computing the rms and 
average values. 

The d-c load current flows equally through 
the two halves of the transformer secondary 
and in opposite directions. Thus the ampere 
turns are equal and act in opposite directions 
so that there is no tendency to orient the mole- 
cules of the iron core in any one direction. 
Therefore the transformer inductance is not 
reduced as it is in the half-wave rectifier and 
both the voltage regulation and efficiency are 
improved. The full-wave rectifier is used 
widely in radio transmitters and receivers. 

Bridge Rectifier 

If four rectifiers are connected as shown in 
figure 3-3, A, the circuit is called a BRIDGE 
RECTIFIER. The input (waveform® to such a 
circuit is applied to diagonally opposite corners 
of the network, and the output is taken from the 
remaining two corners. 
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Figure 3-3.— Bridge-rectifier circuit. 



During one-half cycle of the applied alter- 
nating voltage, point A becomes positive with 
respect to point B by the amount of the voltage 
induced in the secondary of the transformer. 
During this time, the voltage across AB may be 
considered to be impressed across a load con- 
sisting of VI, load resistor R, and V3in series. 
The voltage applied across these tubes makes 
their plates more positive than their cathodes, 
and electrons flow in the path indicated by solid 
arrows. The waveform of this current is shown 
at ® and®. One-half cycle later, VI and V3 
are nonconducting, and an electron stream flows 
through V4, R, and V2 in the direction indicated 
by the dotted arrows. The waveform of this 
current is shown at (4) and (§) . The current 
through the load, R, is always in the same 
direction. As this current flows through R it 
develops a voltage having the waveform shown 
at (6) . The bridge rectifier is a full-wave 
rectifier because current flows in the load 
during both halves of each cycle of applied 
alternating voltage. 
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One advantage of a bridge rectifier over a 
conventional full- wave rectifier is that with a 
given transformer the bridge circuit produces 
a voltage output nearly twice that of the full- 
wave circuit. This increase in voltage may be 
illustrated by assigning values to some of the 
components in figure 3-2, A, and 3-3. Assume 
that the same transformer is used in both 
figures. Note that the center tap is not used in 
the bridge circuit. The peak voltage developed 
between A and B is assumed to be 1,000 volts 
in both figures. In the full-wave circuit in 
figure 3-2, A, the peak voltage from the center 
tap, C, to either A or B is 500 volts. Because 
only VI or V2 is conducting at any instant, 
the maximum voltage that can be rectified at any 
instant is 500 volts. Therefore, the maximum 
voltage that can be developed across the load 
resistor, R, is 500 volts, less the small voltage 
drop across the tube that is conducting. In the 
bridge circuit of figure 3-9, however, the maxi- 
mum voltage that can be rectified is the full 
voltage of the secondary of the transformer, or 
in this case 1,000 volts. Therefore, the voltage 
that can be developed across the load resistor, 
R, is 1,000 volts less the voltage drop across 
the two tubes that are conducting. Thus, the 
full-wave bridge circuit produces a higher 
output voltage than the conventional full -wave 
rectifier does with the same transformer. 

A second advantage of the bridge circuit is 
that the peak inverse voltage across a tube is 
only half the peak inverse voltage impressed 
on a tube in a conventional full-wave rectifier 
that is designed for the same output voltage* 
For example, if the two circuits are to produce 
the same output voltage (1,000 v), the trans- 
former secondary in the full-wave rectifier 
(fig. 3-2, A) has a 2,000-volt peak developed 
across it, while that for the bridge rectifier 
(fig. 3-3) has only a 1,000- volt peak. When VI 
is figure 3-2, A, is not conducting, its plate 
is made negative relative to its cathode by a 
maximum voltage of 2,000 volts. The same is 
true for V2. This negative voltage is called 
the PEAK INVERSE VOLTAGE (PIV) and if 
greater than the maximum PIV rating of the tube, 
breakdown within the tube will occur. In figure 
3-3, however, when tubes VI and V3 or V2 and 
V4 are not conducting, the peak inverse voltage 
for any one tube is then 1,000 volts, which is 
half of the peak inverse voltage across either tube 
in figure 3-2, A. 



The bridge rectifier circuit has a disad- 
vantage in that three filament transformers are 
required for the tubes. In the actual circuit in 
figure 3-3, B, the filament transformer con- 
nections of V2 and V3 are operated at the same 
relative potential and therefore may be con- 
nected to the same filament winding. 

The filaments of VI and V4, however, are 
returned to opposite ends of the high-voltage 
secondary of the power-supply transformer and 
therefore operate at the full potential difference 
that exists across the load. Thus, if the fila- 
ments of VI and V4 were supplied by a single 
filament transformer winding, the common con- 
nection would short-circuit the load. Therefore, 
the filament windings of VI and V4 must be in- 
sulated from each other to withstand the full 
output voltage across the load. If the lower end 
of the load, R, is grounded, filament windings 
for VI and V4 operate alternately at the full 
difference of potential of the high-voltage sec- 
ondary with respect to ground. Thus VI and V4 
must be well insulated from ground also. 

This disadvantage does not apply to the 
rectifier elements of the dry-disk type which are 
often used in bridge circuits. 

Mercury- Vapor Rectifiers 

The introduction of mercury- vapor tubes to 
the electronics industry was one of the greatest 
single contributions to the development of high- 
powered electronic equipment. As a help in 
understanding the importance of the mercury- 
vapor tube, consider the foremost disadvantage 
of high- vacuum rectifiers. As stated previously, 
the voltage drop across a high-vacuum tube 
varies with the load current; and when the cur- 
rent varies widely, the regulation is poor. The 
high- vacuum rectifier used on heavy loads has 
a relatively high loss and low efficiency. In 
some high-power applications a water cooling 
system is employed to carry the heat from the 
tube elements. The power loss in a high-vacuum 
tube is usually of the order of 15 percent of the 
input power to the rectifier. In comparison, the 
power loss in a mercury-vapor rectifier is only 
about 1.5 percent of the total input. 

The greater efficiency of the mercury-vapor 
rectifier is a result of the low-voltage drop 
across the tube. In normal operation this volt- 
age drop rarely exceeds 15 volts, even when the 
tube is operating at very high values of load 
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current. The filament of the high-vacuum 
rectifier is surrounded by a space charge which 
acts as a shield to impede electron flow between 
cathode and plate. 

In a mercury-vapor rectifier, a small amount 
of mercury is introduced into the tube envelope. 
Because of the low pressure within the tube, the 
mercury vaporizes completely as the unit 
reaches normal operating temperature. If a 
positive potential is applied to the anode of the 
tube, electrons are emitted from the filament 
and move toward the anode. Because the tube 
envelope is filled with mercury vapor, colli- 
sions occur between the moving electrons and 
the atoms of mercury. 

Each collision knocks an electron of a 
mercury atom away from the influence of the 
nucleus. The atom, now minus an electron, 
becomes a positive ion. This ion is then drawn 
toward the negative filament and is promptly 
neutralized by one of the electrons forming the 
space charge around that element. Ionization 
of mercury vapor occurs when the potential 
gradient between the plate and cathode is 10.4 
volts. Any further increase in plate voltage 
will ionize more atoms— each in turn neutral- 
izing a space electron— until the drop reaches 
15 volts, and at that time the tube will no longer 
show a plate-voltage rise for a proportional rise 
in current. 

Figure 3-4 shows graphically the ip-e p re- 
lation during ionization. This figure indicates 
the most useful characteristics of a mercury- 
vapor tube- THE VOLTAGE DROP ACROSS THE 
TUBE REMAINS AT A CONSTANT VALUE OF 
15 VOLTS REGARDLESS OF THE CURRENT 
FLOWING THROUGH THE TUBE, provided the 
rated tube current is not exceeded. On overload 
the voltage drop increases to some extent. When 
the tube drop exceeds 22 volts the filament may 
be damaged by excessive bombardment of posi- 
tive ions. At potentials below 22 volts, this 
bombardment is insufficient to cause damage to 
the filament. 

Another important characteristic of the 
mercury-vapor tube is its maximum inverse- 
voltage rating. This is the sparking voltage 
through the mercury vapor in a direction 
opposite to that of normal flow and is always 
less than it would be if the vapor were not 
present. A mercury-vapor tube always has a 
lower flashback voltage than a high- vacuum 
tube of similar construction. Nevertheless, 
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Figure 3-4.— Current vs voltage relation in 
a mercury- vapor diode. 

mercury-vapor tubes with high inverse-voltage 
ratings have been developed. For example, a 
mercury- vapor diode having an output of 10 
amperes and a maximum safe peak inverse 
voltage of 22,000 volts is used extensively in 
broadcast-transmitter power supplies. 

In the practical operation of mercury-vapor 
rectifiers the vapor must reach its proper 
operating temperature before plate voltage is 
applied. If this precaution is not taken, the 
high voltage drop across the tube causes sec- 
ondary emission from plate to cathode, and 
arcback occurs. In high-vacuum rectifiers the 
only factor considered in cathode heating is the 
emission of electrons. The cathode of the 
mercury-vapor tube must not only emit free 
electrons for conduction, but must also heat the 
surrounding space in order for the mercury- 
vapor temperature to be in the range of 20° to 
60° centigrade. The cathode construction in- 
dicated in figure 3-5 facilitates this heating. 

The heat given off by the inner turns of the 
spiral filament is absorbed by the outer turns. 
Radiation from the outer surface is reduced by 
a polished shield surrounding the filament. The 
plate (anode) is a metal cup fitting over the 
cathode. This arrangement reduces the tendency 
to arc back. It also shields the plate- cathode 
region from external electric fields. The graph 
shown in figure 3-6 plots flashback voltage and 
tube drop against operating temperature (C°). 
Below the indicated operating range of tempera- 
tures, the tube drop is excessive with inherent 
danger of positive-ion bombardment. At high 
operating temperatures, flashback potentials 
drop to an intolerably low value. 
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MERCURY- VAPOR TUBES WITH HEATER DETAILS 






HOT- CATHODE EMITTING STRUCTURES 
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Figure 3-5.— Mercury-vapor diodes with hot- 
cathode emitting structure. 

Metallic Rectifiers 

When dissimilar metals are in contact, elec- 
trons flow in greater numbers in one direction 
across the area of contact than in the other 
direction. Metallic rectifiers operate on this 
principle. The two combinations of substances 
that are most widely used for dry-disk rectifiers 
are: (1) A thin film of copper oxide (cuprous 
oxide) and copper, and (2) selenium on either 
iron or aluminum and an alloy. Metallic 
rectifier units are represented by the symbol in 
figure 3-7,A. The arrowhead in the symbol 
points in the opposite direction to the electron 
flow. 

Figure 3-7,B, indicates how a metallic 
rectifier may be used in place of a diode 
rectifir . The waveforms indicate that much 
more current flows in one direction than in the 
other. Although the copper-oxide rectifier is 
shown, the selenium rectifier may be used. 
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Figure 3-6.— Peak inverse voltage vs 
temperature. 



Copper-Oxide Rectifiers 

In the copper-oxide rectifier shown in figure 
3-8, A, the oxide is formed on the copper by 
partial oxidation of the copper by a high tempera- 
ture. In this type of rectifier the electrons flow 
more readily from the copper to the oxide than 
from the oxide to the copper. External electrical 
connection may be made by connecting terminal 
lugs between the left pressure plate and the 
copper and between the right pressure plate and 
the lead washer. 

For the rectifier to function properly, the 
oxide coating must be very thin. Thus, each in- 
dividual unit can stand only a low inverse voltage. 
Rectifiers designed for moderate and high-power 
applications consist of many of these individual 
units mounted in series on a single support. The 
lead washer enables uniform pressure to be 
applied to the units so that the internal resistance 
may be reduced. When the units are connected in 
series, they normally present a relatively high 
resistance to the current flow. The resulting 
heat developed in the resistance must be re- 
moved if the rectifier is to operate satisfactorily. 
Many commercial rectifiers have copper fins be- 
tween each unit to dissipate the excess heat. 
The useful life of the unit is extended by keeping 
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Figure 3- 7. —Metallic rectifier symbol and waveforms. 
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Figure 3-8.— Metallic rectifier construction. 

the temperature low (below 140° F). The ef- 
ficiency of this type of rectifier is generally 
between 60 and 70 percent. 

Selenium Rectifiers 

Selenium rectifiers function in much the 
same manner as copper-oxide rectifiers* A 
selenium rectifier is shown in figure 3-8, B. 
Such a rectifier is made up of an iron disk 
coated with a thin layer of selenium. In this 
type of rectifier the electrons flow from the 
selenium to the iron. 



Commercial selenium rectifier units are 
designed to pass 50 milliamperes per square 
centimeter of plate area. This type of rectifier 
may be operated at a somewhat higher tempera- 
ture than a copper-oxide rectifier of similar 
rating. The efficiency is between 65 and 85 per- 
cent, depending on the circuit and the loading. 
As in the case of the copper-oxide rectifier, any 
practical number of units may be bolted together 
in series to increase the voltage rating. Larger 
element disks and the necessary cooling fins 
may be used for higher current ratings. Also 
forced-air cooling may be used. 

Metallic rectifiers may be used not only as 
half-wave rectifiers, as shown in figure 3-7, but 
also in full-wave and bridge circuits. In each of 
these applications the action of the metallic 
rectifier is similar to that of a diode. 

Metallic rectifiers may be used in battery 
chargers, instrument rectifiers, and many other 
applications including welding and elect ro- 
plating. Commercial radios also frequently use 
selenium rectifiers in the high- voltage power 
supply, as do other electronic equipments. 

Silicon Diodes 

These and other types of metallic rectifiers 
are composed of materials called semicon- 
ductors. They are also known as "solid state" 
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rectifiers and "semiconductor diodes." Ger- 
manium and silicon are used extensively. Crys- 
tals of these materials are grown from a "melt" 
which includes small quantities of impurity sub- 
stances such as gallium or indium (P material), 
and arsenic or phosphorous (N material). The 
crystal structure of the resulting metallic 
"chips" or "wafers" permits current flow in 
one direction only. According to the type of 
semiconductor material and the impurity sub- 
stance the structure of the crystals is such as 
to provide either an excess of electrons (N-type 
crystals) or a deficiency of electrons (P-type 
crystals) for current conduction. Junctions of 
these materials comprise the semiconductor 
diode. 

Many types of semiconductor diodes are 
available. They vary in size from tiny ones 
hardly bigger than a pinhead used in sub- 
miniature circuitry, such as computers, to 
large 500-ampere diode rectifiers used in 
power supplies. A silicon diode rectifier about 
an inch long and an inch in diameter (with heat 
radiator) will supply a d-c current of 50 
amperes (peak) and has a peak inverse voltage 
rating of 60 volts. Semiconductor action is 
described in more detail in the chapter "Intro- 
duction to Transistors." 

FILTER CIRCUITS 

The preceding paragraphs have discussed 
methods of converting alternating current into 
pulsating direct current. Most electronic equip- 
ments require a smooth d-c supply, approaching 
the ripple -free output of a battery. Conversion 
of pulsating direct current to pure direct cur- 
rent is accomplished by the use of properly 
designed filters. 

The unfiltered output of a full -wave rectifier 
is shown in figure 3-9. The polarity of the out- 
put voltage does not reverse, but its magnitude 
fluctuates about an average value as the suc- 
cessive pulses of energy are delivered to the 
load. In figure 3-9, the average voltage is shown 
as the line that divides the waveform so that 
area A equals area B. The fluctuation of voltage 
above and below this average value is called 
RIPPLE. The frequency of the main component 
of the ripple for the full-wave rectifier shown in 
figure 3-9 is twice the frequency of the voltage 
that is being rectified. In the case of the half- 
wave rectifier the ripple has the same frequency 



as the input alternating voltage. Thus, if the 
input voltage is obtained from a 60-cps source, 
the main component of ripple in the output of a 
half-wave rectifier is 60 cps, and in the full- 
wave rectifier it is 120 cps. 
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Figure 3-9.— Unfiltered output voltage of a 
full-wave rectifier. 

The output of any rectifier is composed of 
a direct voltage and an alternating or ripple 
voltage. For most applications, the ripple 
voltage must be reduced to a very low amplitude. 
The amount of ripple that can be tolerated varies 
with different applications of electron tubes. 

The PERCENTAGE OF RIPPLE is 100 times 
the ratio of the rms value of the ripple voltage 
at the output of a rectifier filter to the average 
value, Eo, of the total output voltage. Figure 
3-10 indicates graphically how the percentage 
of ripple may be determined. It is assumed 
that the ripple voltage is of sine waveform. 
The formula for determining the percentage of 
ripple is 

E 



percentage of ripple = 



rms 



x 100 



where E rms = 0.707 of e p , and e p is the peak 
value of the ripple voltage. 

A circuit that eliminates the ripple voltage 
from the rectifier output is called a FILTER. 
Filter systems in general are composed of a 
combination of capacitors, inductors, and in 
some cases resistors. 
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Figure 3- 10. — Percentage of ripple. 
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Capacitance Input Filter 

Ripple voltage exists because energy is 
supplied in pulses to the load by the rectifier. 
The fluctuations can be reduced considerably if 
some energy can be stored in a capacitor while 
the rectifier is delivering its pulse and allowed 
to discharge from the capacitor between pulses. 

Figure 3-11, A, shows the output of a half- 
wave rectifier. This pulsating voltage is applied 
across a filter capacitor (C in fig. 3-11, B) to 
supply the load, R. Because the rate of charge of 
C is limited only by the reactance of the trans- 
former secondary and the plate resistance of the 
tube in the rectifier, the voltage across the 
capacitor can rise nearly as fast as the half- 
sine-wave voltage output from the rectifier. In 
other words, the RC charge time is relatively 
short. The capacitor, C, therefore, is charged 
to the peak voltage of the rectifier within a few 
cycles. The charge on the capacitor represents 
a storage of energy. When the rectifier output 
drops to zero, the voltage across the capacitor 
does not fall immediately. Instead, the energy 
stored in the capacitor is discharged through 
the load during the time that the rectifier is 
not supplying energy (when the anode is nega- 
tive). The voltage across the capacitor (and 
the load) falls off very slowly if it is assumed 
that a large capacitance and a relatively large 
value of load resistance are employed. In other 
words, the RC discharge time is relatively long. 
The amplitude of the ripple therefore is greatly 
decreased, as may be seen in figure 3-11, C. 



Figure 3-11, D, shows the input voltage to 
the filter when a full-wave rectifier is used, and 
figure 3-11, E, shows the resulting output- 
voltage waveform. 

After the capacitor has been charged (with 
either half-wave or full-wave input), the recti- 
fier does not begin to pass current until the 
output voltage of the rectifier exceeds the volt- 
age across the capacitor. Thus, in figures 
3-11, C and E, current begins to flow in the 
rectifier when the rectifier output reaches a 
voltage equal to the capacitor voltage. This 
occurs at some time, ti, when the rectifier out- 
put voltage has a magnitude Ei. Current 
continues to flow in the rectifier until slightly 
after the peak of the half- sine wave, at time t2. 
At this time the sine-wave voltage is falling 
faster than the capacitor can discharge. A short 
pulse of current, beginning at t\ and ending at 
t2, is therefore supplied to the capacitor by the 
power source. 

The average voltage of the rectifier output 
is shown in figures 3-11, A and D. Because the 
capacitor absorbs energy during the pulse and 
delivers this energy to the load between pulses, 
the output voltage can never fall to zero. Hence, 
the average voltage of the filtered output (fig. 
3-11, C and E) is greater than that of the un- 
filtered input (fig. 3-11, A and D). However, if 
the resistance of the load is small, a heavy 
current is drawn by the load and the average or 
direct voltage falls. For this reason, the simple 
capacitor filter is not used with rectifiers that 
must supply a large load current. Also the input 
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Figure 3-11.— Capacitance-type filter and waveforms. 
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capacitor acts like a short circuit across the 
rectifier while the capacitor is charging. Be- 
cause of this high peaked load on the rectifier 
tubes, the capacitor input filter is seldom used 
with gas tubes in high- current installations. 

Inductance Filter 

Because an inductor resists changes in the 
magnitude of the current flowing through it, an 
inductor can be placed in series with the recti- 
fier output to help prevent abrupt changes in the 
magnitude of the current. An inductance -type 
filter together with its input and output wave- 
forms is shown in figure 3-12. The input wave- 
forms from a half- wave and a full-wave rectifier 
are shown respectively in figures 3- 12, A and B. 
Figure 3-12, C, shows the inductance -type 
filter, and figure 3-12, D and E, shows the out- 
put current for the half-wave and full-wave 
input respectively. When no inductor is used 
in series with R, the output current waveforms 
are indicated by dotted lines. The solid lines 
indicate the output- cur rent waveforms when an 
inductor is used. The use of an inductor pre- 
vents the current from building up or dyingdown 
quickly. If the inductance is made large enough, 
the current becomes nearly constant. 
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Figure 3-12. — Inductance-type filter 
and waveforms. 



The inductance prevents the current from 
ever reaching the peak value that is reached 
without the inductance. Consequently, the out- 
put voltage never reaches the peak value of the 
applied sine wave. Thus, a rectifier whose out- 
put is filtered by an inductor cannot produce 
as high a voltage as can one whose output is 
filtered by a capacitor. However, this disad- 
vantage is partly compensated because the in- 



ductance filter permits a larger current drain 
without a serious change in output voltage. 

Pi-Section Filter 

The ripple voltage present in a rectifier 
output cannot be eliminated adequately in many 
cases by either the simple capacitor or inductor 
filter. Filters that are much more effective 
can be made if both inductors and capacitors are 
used. The function of the capacitor is to store 
and release energy, while the inductors simul- 
taneously tend to prevent change in the magni- 
tude of the current. The result of these two 
actions is to remove the ripple from the recti- 
fier output and to produce a voltage having a 
nearly constant magnitude. 

Figure 3-13 shows a circuit diagram of an 
inductance-capacitance filter used primarily 
with receiver power supplies and other low- 
current power supplies. 
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Figure 3-13.— Waveforms of current and 
voltage in rectifier with pi-section 
filter. 

This type of filter is given the name PI- 
SECTION because the configuration of the sche- 
matic diagram resembles the Greek letter, n. 
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It is also called a CAPACITOR INPUT FILTER. 
With this type of filter the output waveform 
closely approximates that of pure direct current. 
The first (input) capacitor acts to bypass the 
greatest portion of the ripple component to 
ground. In all filters the major portion of the 
filtering action is accomplished in this first 
component. The series choke in the pi-section 
filter serves to maintain the current at a nearly 
constant level during the charging and dis- 
charging cycles of the input capacitor. 

At the bottom of figure 3-13 are shown the 
waveforms of current through VI and V2 and 
the voltage across CI. The final capacitor, 
C2, acts to bypass residual fluctuations existing 
after filtering by the input capacitor and in- 
ductor. The current flow through the rectifier 
tubes is a series of sharp peaked pulses, be- 
cause the input capacitor acts like a short 
circuit across the rectifier while the capacitor 
is charging. Because of this high peaked load 
on the rectifier tubes, the pi-section filter is 
used only in low- current installations such as 
radio receivers. 

L-Section Filter 

A second type of filter used primarily in 
high-current applications is the L- section filter, 
so named because of its resemblance to an in- 
verted "L." A schematic diagram of this type 
of filter is shown in figure 3- 14. The components 
perform the same functions as in the pi-section 
filter except that the inductor, or choke, input 
reduces the voltage output of the filter. This 
filter is also called a CHOKE INPUT FILTER. 
The input choke allows a continuous flow of 
current from the rectifier tubes rather than the 
pulsating current flow demanded by the capaci- 
tor input filter. The L-section filter is seldom 
used with half-wave rectifiers because there is 
no device to maintain current flow between half 
cycles. 

Because of the uniform flow of current, the 
L-section filter has applications in most high- 
power circuits, and is used with mercury-vapor 
rectifiers. It has the additional advantage of 
better voltage regulation. The inductive re- 
actance of the choke reduces the ripple voltage 
without reducing the d-c output voltage. 

Because the L-section filter is widely used 
in naval electronic equipment, the factors af- 
fecting the design of these filters are important 
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Figure 3-14.— Current and voltage waveforms 
in full-wave rectifier with L-section filter. 

to the electronics technician. As has been 
mentioned, this type of filter is generally used 
where high currents are required. In this 
respect, its advantage lies in the fact that it 
allows each rectifier tube to operate at a rela- 
tively constant level ot current flow during its 
half-cycle of operation. This type of operation 
allows a rectifier to supply the maximum current 
to the load that it is capable of delivering. A 
disadvantage of the L-section filter is that in- 
stead of delivering a voltage equal to the peak 
value of the transformer secondary, it supplies 
a voltage equal to the average of thea-c voltage 
delivered to the rectifier. 

Two L-section filters are sometimes used in 
series to obtain a higher degree of filtering 
action. 

VOLTAGE REGULATION 

The output voltage developed by any source 
of power tends to decrease when current is 
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drawn from the source. The amount of change 
in the output voltage is usually expressed by a 
quantity called the PERCENTAGE OF VOLTAGE 
REGULATION. 

The formula for the percentage of regulation 

is 

percentage of voltage regulation 



E NL- E FL 
E FL 



X 100 



where Ej^l is the no-load voltage, and Efl is 
the output voltage when full-load current is 
flowing out of the supply. For example, assume 
the no-load voltage of a certain power supply to 
be 300 volts and the voltage at the output ter- 
minals to be 250 volts when the load resistance 
is applied and load current begins to flow. Sub- 
stituting these values in this formula gives 

percentage of voltage regulation 

= — t [~Jp° x 100 = 20 percent 

The difference between the no-load voltage 
and the full-load voltage is caused by the flow of 
load current through the internal resistance of 
the power supply. The IR drop caused by the 
load current within the supply circuit is sub- 
tracted from the voltage available for the load 
resistance at the output terminals. A perfect 
power supply would have zero internal impedance 
and the percentage of regulation would be zero. 
Such a supply would provide the same voltage 
under full-load that it develops with no-load 
current flowing. In general, the lower the per- 
centage of regulation, the better is the power 
supply in furnishing direct voltage and direct 
current for electronic equipment. 

The regulation of the choke -input filter 
circuit is superior to that of the capacitor-input 
circuit as long as current is flowing in the filter 
choke. In this condition the output voltage 
changes very little when the load current changes 
in value. If, however, the load current should 
become zero, the choke coil can no longer pre- 
vent the first capacitor in the filter from 
charging to a value equal to the peak value of the 
applied voltage. 

If the load current is a low value, or if it 
varies between a low value and zero, the regu- 
lation of the circuit is poorer than when larger 
currents are being drawn by the load. In order 
to improve the regulation of the choke- input 
filter, a resistor is often connected across the 



output terminals so that at least a minimum 
current will always flow through the choke. 

VOLTAGE REGULATORS 

Most electronic gear used in the Navy can 
operate satisfactorily with a certain amount of 
variation in the supply voltage without suffering 
severe operational deficiency. However, some 
circuits are very critical and even a slight 
deviation from the normal supply voltage will 
cause unsatisfactory operation. These circuits 
require the use of some type of voltage- 
regulating device. 

A voltage- regulating device may be inserted 
in the circuit at one of two points— either 
between the rectifier and its load or at the 
power source that supplies electrical energy to 
the rectifier. The regulators that are used with- 
in a power supply are generally electronic and 
those affecting the power source itself (for ex- 
ample, the generator) are generally mechanical. 
Mechanical voltage regulators are treated in 
basic electricity texts. 

Fundamental Voltage Regulator 

The regulator that is used to stabilize the 
output voltage of a rectifier usually takes the 
form of a variable resistance in series with the 
output. This variable resistance and the load 
resistance form & voltage divider. The variable 
element is controlled so that the voltage across 
the load is held constant. 

Figure 3-15 shows a simple circuit that 
demonstrates this principle. The variable 
resistor, R, and the resistance of the load 
comprise a voltage divider that is connected 
across the rectifier output terminals. All the 
load current passes through R and causes a 
voltage drop across it. If the rectifier output 
voltages rises, the voltage across the load rises 
in proportion. To counteract this rise, the 
resistance of R is increased (manually) so that 
a greater proportion of the available voltage ap- 
pears across R. The voltage across the load 
therefore is held constant if the resistance of R 
is increased sufficiently to neutralize the in- 
crease of the rectifier output. If the resistance 
of the load increases, a greater fraction of the 
available voltage appears across the load. 
Therefore, the resistance of R must be increased 
in order to hold the voltage across the load 
constant. 
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Figure 3-15.— Fundamental voltage regulator. 

In the system shown in figure 3-15, the re- 
sistor, R, must be varied manually in order to 
keep the voltmeter reading constant. If the 
voltmeter reading increases, R must be in- 
creased; if the voltmeter reading decreases, R 
must be decreased. This same type of action 
must take place in all of the voltage regulators 
that are to be discussed, but the action is auto- 
matic. The more complicated circuits that 
follow are more desirable than the simpler 
circuits because they are more accurate and 
can respond more quickly. 

All the voltage regulators discussed in this 
chapter are essentially voltage dividers. The 
variable voltage drop may be supplied in many 
ways, but the action of most of the circuits may 
be explained in terms of the fundamental circuit 
shown in figure 3-15. 

Amperite Voltage Regulator 

A regulator tube that consists of an iron 
wire enclosed in a hydrogen-filled envelope is 
called an AMPERITE TUBE or BALLAST TUBE. 

An amperite regulator circuit is shown in 
figure 3-16. The resistance of the iron wire in 
the ballast tube varies as the current through 
it changes. If the output voltage tends to in- 
crease, more current flows through the ballast 
tube. The resistance of the tube then increases 
and more of the voltage drop takes place across 
the tube. Therefore, the voltage across the load 
remains nearly constant. 

The amperite regulator does not regulate the 
voltage if the load changes. If the load increases, 
more current is drawn from the power supply 
and the load voltage falls. In addition, the 
greater current drawn causes the resistance of 



the amperite to increase, and the load voltage 
is made even lower by this additional drop. 

Although the ballast tube may be used to 
compensate for line voltage variations it is 
generally inserted in series with several addi- 
tional elements through which it is desired to 
maintain a constant current. In such applica- 
tions, the resistance of the ballast tube changes 
to counteract the effect of changing voltage 
across the circuit. 

Glow- Tube Voltage Regulator 

In a glow-discharge tube, such as the neon 
glow tube, the voltage across the tube remains 
constant over a fairly wide range of current 
through the tube. This property exists because 
the degree of ionization of the gas in the tube 
varies with the amount of current that the tube 
conducts. When a large current is passed, the 
gas is very highly ionized and the internal im- 
pedance of the tube is low. When a small cur- 
rent is passed, the gas is lightly ionized and the 
internal impedance of the tube is high. Over the 
operating range of the tube, the product of the 
current through the tube and the internal im- 
pedance of the tube is practically constant. 

A simple glow-tube regulator is shown in 
figure 3-17, A. The load current and the cur- 
rent that flows in the neon glow tube both pass 
through the series resistor, R. If the supply 
voltage drops, the voltage across the neon tube 
tends to drop. Therefore, the gas in the neon 
tube deionizes slightly and less current passes 
through the tube. The current through R is de- 
creased by the amount of the current decrease in 
the tube. Because the current through R is less, 
the voltage drop across R is less. If the re- 
sistor is of the proper value relative to the load 
and to the glow tube that is used, the voltage 
across the load is held fairly constant. In any 
case, the value of R must not be so large that 
the neon tube fails to ionize. 

Glow tubes are designed to operate at 
various useful values of voltage. These values 
are usually indicated in the tube-type number. 

When a regulated voltage in excess of the 
maximum rating of one glow tube is required, 
two or more tubes may be connected in series, 
as in figure 3-17, B. This arrangement permits 
several regulated voltages with small current 
drains to be obtained from a single rectifier 
power supply. 
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regulators are often called Zener diodes because 
their action was first described as a "field 
emission" effect by Zener. 
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Figure 3-16.— Amperite regulator circuit. 



Crystal Diode Voltage Regulator 

A specially-manufactured crystal (semicon- 
ductor) diode similar to the diode described 
in chapter 2 of this training course will under 
certain conditions exhibit a practically constant 
voltage with wide changes in current (see figure 
2-11, B). The crystal diode contains a PN 
junction. With small reverse bias across the PN 
junction the barrier potential is increased. Only 
a small leakage current will flow because the 
current carriers in both P and N sides of the 
junction are attracted away from the junction. 
This action leaves a space charge depletion 
layer adjacent to the junction. 

Increasing the reverse voltage across the 
junction increases the velocity of the minority 
carriers in this region. Some of these carriers 
collide with covalent bond electrons releasing 
them as carriers. This action has a cumulative 
effect called avalanche ionization. It comprises 
a rapidly rising reverse current that, unless 
checked by a series limiting resistor, may 
destroy the semiconductor. The re verse voltage 
at which avalanche effect occurs is called the 
reverse breakdown voltage and is abbreviated 
BVr. 

The symbol B is used in the crystal diode 
CR (fig. 3-17, C) to indicate operation in the 
reverse breakdown voltage region. When op- 
erated in this way the voltage across the load is 
held constant because the load is in parallel with 
the crystal diode, and the reverse breakdown 
voltage of the diode is approximately constant 
for wide changes in diode current. Semicon- 
ductor diodes operated in this region as voltage 
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Figure 3-17.— Glow- tube regulators. 

If the supply voltage decreases (fig. 3-17, C) 
the reverse voltage across the semiconductor 
diode CR will tend to decrease. Thus the speed 
of the current carriers in the crystal will de- 
crease and the number of collisions with valence 
electrons will decrease with the result that the 
reverse current through the crystal will de- 
crease. The current through R is decreased by 
the amount of the current decrease through 
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crystal CR. Because the current through R is 
decreased, the voltage drop across R is pro- 
portionately less. If R has the right value 
relative to the load and to CR the voltage across 
the load will remain fairly constant. However, 
R must not be so large that the avalanche effect 
will not take place in the crystal. 

Zener diodes are designed to operate at 
various voltages. When a regulated voltage in 
excess of the rating of one Zener diode is re- 
quired, two or more diodes may be connected 
in series in the same manner as for glow tube 
voltage regulators (fig. 3-17, B). As previously 
stated, this arrangement permits several regu- 
lated voltages with small current drain to be 
obtained from a single rectifier power supply. 

Electron-Tube Voltage Regulator 

An electron tube may be considered as a 
variable resistance. When the tube is passing 
a direct current, this resistance is simply the 
plate-to-cathode voltage divided by the current 
through the tube and is called the d-c plate 
resistance, rp. For a given plate voltage, the 
value of r p depends upon the tube current, and 
the tube current depends upon the grid bias. 

The variable resistor, R, of figure 3-15 can 
be replaced by an electron tube (fig. 3-18, A), 
because the electron tube has a variable re- 
sistance. The effective resistance of VI is 
established initially by the bias on the tube. 
Assume that the voltage across the load is at the 
desired value. Then the cathode is positive with 
respect to ground by some voltage, Ej. The 
grid can be made positive relative to ground by 
a voltage, E2, that is less than El. The poten- 
tiometer, R2, is adjusted until the bias (grid-to- 
cathode voltage), which is E1-E2, is sufficient 
to allow VI to pass a current equal to the de- 
sired load current. With this bias, the resist- 
ance of VI is established at the proper value to 
reduce the rectifier output voltage to the desired 
load voltage. 

If the rectifier output voltage increases, the 
voltage at the cathode of VI tends to increase. 
As Ei increases, the negative bias on the tube 
increases and the effective plate resistance of 
the tube becomes greater. Consequently, the 
voltage drop across VI increases with the rise 
in input voltage. If the circuit is properly 
designed, the increased voltage drop across VI 
is approximately equal to the increase in voltage 




FILTERED OUTPUT 
VOLTAGE FROM 
RECTIFIER 



ELECTRON-TUBE VOLTAGE REGULATOR 
EMPLOYING A BATTERY FOR THE 
FIXED BIAS 




FILTERED OUTPUT 
VOLTAGE FROM 
RECTIFIER 



ELECTRON- TJBE VOLTAGE REGULATOR 
EMPLOYING A GLOW T J8E FOR TmE 
hxLD BIAS 

20.44 

Figure 3-18.— Electron-tube voltage regulator. 



at the input to the regulator. Thus the load 
voltage remains essentially constant 

The resistor, Rl, is used to limit the grid 
current. This is necessary in this particular 
circuit because the battery is not disconnected 
when the power is turned off. However, the 
battery can be eliminated from the circuit by the 
use of a glow tube, V2, in figure 3-18, B, to 
supply a fixed bias for the grid of the tube. The 
action of the circuit is the same as the action of 
the circuit in figure 3-18, A. 

The output voltage of the simple voltage 
regulators shown in figure 3-18 cannot remain 
absolutely constant. As the rectifier output 
voltage increases, the voltages on the cathode 
of VI must rise slightly if the regulator is to 
function. 

The voltage regulators shown in figure 3-18 
compensate not only for changes in the output 
voltage from the rectifier, but also for changes 
in the load. For example, in figure 3-18, B, if 
the load resistance decreases, the load current 
will increase. The load voltage will tend to fall 
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because of the increased drop across VI. The 
decrease in load voltage is accompanied by a de- 
crease in bias voltage on VI. The bias voltage 
on VI is equal to E1-E2. Thus, the effective 
resistance of VI is reduced at the same time the 
load current is increased. The IR drop across 
VI increases only a slight amount because R 
decreases about as much as I increases. There- 
fore, the tendency for the load voltage to drop 
when the load is increased is checked by the 
decrease in effective resistance of the series 
triode. 

Improved Voltage Regulator 

A very stable voltage regulator (more stable 
than those shown in fig. 3-18) can be designed 
by taking advantage of the high amplification 
possible with a pentode. A voltage regulator 
employing this type of tube is shown in figure 
3-19. It produces an output that is independent 
of fluctuations in the a-c supply and changes in 
load over a wide range. 
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Figure 3-19.— Improved voltage regulator. 

The output voltage of this regulator is de- 
veloped across bleeder resistors R3,R4,andR5 
in parallel with the resistance of the load. 
These resistors make up the resistance of one 
part of the total voltage divider* The other 
resistance, through which all of the load current 
must flow, is the cathode-to-plate effective 
resistance of VI. The other elements of the 
circuit are used to control the resistance of VI 
and thereby to maintain a constant voltage across 
the load. 

The potential of the cathode of V2 is held at a 
constant positive value with respect to ground 



by the glow tube, V3. In other words, current 
flowing from ground through V3 causes an IR 
drop across V3 that maintains the cathode of 
V2 positive with respect to ground. The grid 
potential of V2 is a voltage selected by poten- 
tiometer R4. This potentiometer is set so that 
the grid-to-ground voltage is less positive than 
the cathode-to- ground voltage by an amount (the 
bias) that causes V2 to pass a certain plate 
current. In other words, the IR drop between the 
moving contact on R4 and ground is less than the 
IR drop across V3 by an amount that is equal to 
the bias on V2. The plate current of V2 flows 
through Rl and causes a drop across it. The 
magnitude of the voltage across Rl is the bias 
on tube VI. Therefore, the adjustment of 
potentiometer R4 establishes the normal re- 
sistance of VI. This adjustment is used to set 
the value of load voltage that the regulator is to 
maintain. 

If the load voltage tends to rise, whether from 
a decrease in load current or from an increase 
in the input voltage, the voltage between the 
moving contact on R4 and ground will increase. 
The difference in this voltage and the fixed 
voltage across V3 decreases. These two volt- 
ages are in opposition, and the voltage between 
the moving contact on R4 and ground is less 
than the fixed voltage across V3. Thus, the 
grid bias of V2 decreases, and the plate current 
of V2 increases through Rl. The increase in 
voltage across Rl increases the effective re- 
sistance of VI. If the load voltage tends to 
rise because of an increase in input voltage, 
this increase is accompanied by an increase in 
voltage across VI and the rise in load voltage 
is checked. If the rise in load voltage is caused 
by a decrease in load current, this rise is 
checked because the IR drop across VI remains 
constant, because the decrease in I is accom- 
panied by an equal increase in R. 

A pentode is used for V2 because of the high 
amplification possible with this type of tube. 
The use of such a tube makes the output voltage 
much more constant because small variations of 
load voltage are amplified sufficiently to cause 
operation of the circuit. 

The anode of the glow tube, V3, is connecteu 
to the cathode of V2 and to the plus terminal of 
the regulated voltage output through resistor 
R2. It is necessary to connect the glow tube to 
the B+ in this way in order to cause the gas in 
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this tube to ionize when the power supply is first 
turned on. 

All the load current must pass through VI, 
therefore, this tube must be capable of passing a 
large current. In some regulators a single tube 
does not have sufficient capacity to pass the re- 
quired current. In such cases, several identical 
tubes may be connected in parallel. 

The type of regulator shown in figure 3- 19 is 
used very widely to stabilize the output voltage 
of rectifier power supplies. Because of its 
excellent sensitivity to small changes in input 
voltage, this regulator is very effective in re- 
moving ripple from the output of rectifier power 
supplies. The regulator, then, serves also to 
filter the output of a rectifier, although the con- 
ventional filter systems usually are used in 
connection with a regulator. 

Figure 3-20 is a complete rectifier- power- 
supply circuit, showing the power transformer, 
the full-wave rectifier tube, the filter circuit, 
the voltage regulator, and the voltage divider. 
This figure summarizes much of the foregoing 
power-supply discussion. 

VOLTAGE DIVIDERS AND BLEEDERS 

A resistor is frequently placed across the 
output terminals of a rectifier power supply to 
bleed off the charge on the filter capacitor when 
the rectifier is turned off, or to apply a fixed 
load to the filter and thus improve the voltage 
regulation of the power supply. In the latter 
case, the resistor is designed to draw at least 
10 percent of the full-load current in order for 
the change in power supply current to be less for 
a given change in load and thus reduce the 
magnitude of the variation in output voltage. In 
both cases the resistor is called a BLEEDER 
RESISTOR. If leads are connected to the 
resistor at various points to provide a variety 
of voltages that are less than the total output 
voltage, the resistor is called a VOLTAGE 
DIVIDER. 

Voltage Divider Circuits 

A resistor that is used as a load resistor 
may also serve as a divider and as a bleeder. 
A simple voltage divider composed of three 
similar resistors in series is shown in figure 
3-21. As long as no load is drawn from any 
terminal except the top, or line, terminal, the 



voltages across the resistors will divide in 
proportion to the resistance of each as shown in 
figure 3-21. 

It is common practice to ground one side of 
voltage dividers. Therefore, ground potential 
is normally used as a reference for measure- 
ment of voltages as indicated at point D in 
figure 3-22, A. If a rectifier and its filter are 
connected so that no parts of the system are 
grounded, the divider can be grounded at any 
point without affecting the operation of the 
rectifier, provided the insulation of all parts 
is sufficient to withstand the voltage involved. 
Thus in figure 3-22, B, point C is grounded, 
and point D becomes negative with respect to 
ground. Such a circuit may be used to furnish 
both plate and bias voltages from the same power 
supply. In figure 3-22, C, point A is grounded, 
and all voltages along the divider are negative 
with respect to ground. Note, however, that 
point A will always be positive with respect to 
points, B, C, and D as long as the electron flow 
is maintained from D to A as shown in figure 
3-22, C. 

In the voltage divider circuits (fig. 3-22) it 
has been assumed that no load was attached to 
the divider except across terminals A and D, 
and that voltages could be measured without 
drawing appreciable current. As soon as a load 
is connected across the divider at any inter- 
mediate terminals, however, the voltage division 
shown in figure 3-22 is no longer correct. The 
resistance of the attached load forms a parallel 
circuit with that part of the divider across which 
it is placed, and therefore there is a change in 
the resistance of that part of the divider in 
relation to the total resistance between terminals 
A and D. 

For example, in figure 3-23, a load of 150,000 
ohms (150 k-ohms) is placed across BD, and a 
load of 50 k-ohms is placed across CD. The 
resistance between C and D is first determined 
by Ohm's law for parallel resistance— 

0 _ 50 x 5 0 oc . . 
R CD ~ 50^50 25 k ~ 0,vms 

To this resistance is added the series resistance 
(50 k-ohms) between B and C, making a total of 
75 k-ohrns. The resistance across BD is then 
found by the parallel resistance rule. Thus, 

75 x 150 „. , 
BD " 75 T 150 50 k -° hmS 
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Low voltage is 
tfepped up by the 
transformer from 115 
volts to 900 volts. 
Center top provides 
a dividing point so 
that 450 volts arc 
applied to each sec- 
tion of the 5U4G 
rectifier. The ends 
of the transformer al- 
ternately become 
positive ond nega- 
tive. 

Center tap C on 
heater winding is 
used to force plate 
current to divide 
equally in each fila- 
ment lead. If there 
it no center tap, a 
voltage divider of 
two equal 50 ohm 
resistors may be put 
across the secondary 
to produce the same 
effect. 

Alternately posi- 
tive and negative 
voltage is applied 
to the plates of the 
rectifier. 



The two plates 
conduct alternately 
as each plate is 
made positive in 
turn by the second- 
ary of the trans- 
former. Pulses of 
current flow from the 
filament line to each 
plate in turn. The 
plates alternately 
become positive ond 
negative with the 
applied a. c, but 
the filament line will 
show a one-direc- 
tional flow. 



Capacitors charge 
when the rectifier 
conducts, and they 
discharge through 
the bleeder resistor 
when the tube is not 
conducting. 

Choke builds up 
a magnetic field 
when the tube draws 
current. The field 
collapses as current 
decreases, tending 
to keep a constant 
current flowine in 
in the same direc- 
tion through rhe 
bleeder resistor and 
the load. 

Capacitor input 
(illustrated) gives 
higher voltage out- 

f>ut with low current 
oads. 

Choke input gives 
steadier output with 
less ripple under 
load conditions. 



If the load draws 

more current or if 
the a-c input voltage 
falls, the terminal 
voltage of the power 
supply falls. 

Resistor R1, tube 
V2,and gas-tube V3 
ore in series across 
the rectifier termi- 
nals. V3 holds the 
cathode of V2 at a 
constant positive po- 
tential with respect 
to ground, and set- 
ring of P1 deter, 
mines bias on VS. 
A fall in terminal 
voltage causes more 
negative bias on V8, 
less current through 
V2, hence, less cur- 
rentthrouqh R1 . Less 
IR drop across R1 
causes less negative 
bias on V1. V1, 
then acts as a lower 
value resistor, and 
terminal voltage de- 
crease is checked. 



As a bleeder, the 

resistor is for safety 
to discharge the 
capacitors when 
power is removed. 

As a load resistor, 
it acts as a stabiliser 
to protect the volt- 
age regulator at no 
load, and to im- 
prove the regulation. 

A voltage divider 
meets the require- 
ments of a load re- 
sistor and a bleeder, 
but in addition has 
taps placed at in- 
tervals for voltage at 
less than the maxi- 
mum. 

It is usually 
grounded at the 
lower end but may 
be grounded at any 
higher point to get 
a negative output. 



Figure 3-20.— Complete rectifier-*filter- 
regulator-divider circuit. 
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The total resistance between A and D before the 
main load is applied is the resistance between B 
and D plus the resistance between A and B, or 
50+50 = 100 k-ohms. 

The total current, I, drawn through the 
divider and its two loads is then the total volt- 



age divided by the resistance between A and D. 
Therefore, 

I = io^6" 0 - 003 am P* re 

A current of 0.003 ampere flowing through Rl 
produces an IR drop of 50,000x0.003 ■ 150 volts. 
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Figure 3-21.— Simple voltage divider. 



= 0.001 ampere, 



Therefore, when load 1 and load 2 are connected 
as shown, the voltage across Rl increases from 
100 to 150 volts. The voltage across load 1 is 

300-150 = 150 volts. 

The current through load 1 is 

150 

150,000 

and the current through R2 is 

0.003-0.001 = 0.002 ampere. 

The 0.002 ampere flowing through R2 pro- 
duces an IR drop of 

50,000 x 0.002 - 100 volts. 

Thus, the voltage remaining to be applied across 
CD is 

150-100 = 50 volts. 
The current in load 2 is 



50 
50,000 



0.001 ampere. 



leaving 0.001 ampere to flow through R3„ As a 
check, the IR drop across R3 can be found as 

50,000 x 0.001 = 50 volts. 

Because this voltage is the same as that pre- 
viously determined across CD, the value of 
current is correct. 

Instead of a voltage of 200 volts between 
point B and ground, and 100 volts between point 
C and ground, as in figure 3-22, A, the voltage 
now is 150 volts at B and 50 volts at C, when the 
load values are as indicated in figure 3-23. 
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Figure 3-22.— Effect of moving the ground 
point on a voltage divider. 

Other load values will give correspondingly dif- 
ferent values of voltage at B and C. Thus, the 
voltage appearing across the intermediate ter- 
minals of a voltage divider divides propor- 
tionately to the values of the divider resistors 
only as long as no appreciable load current is 
drawn from these terminals. Under loaded 
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Figure 3-23.— Effects of loads on voltage 
division. 

conditions the voltages at these terminals will 
have various values, depending upon the re- 
sistance of the loads. A voltage divider must 
therefore be designed for the particular load 
conditions under which it is to operate. 



VOLTAGE-MULTIPLYING CIRCUITS 

HALF-WAVE DOUBLER 

If a rectifier unit (a metallic type in this 
case) and a capacitor are connected in series 
across a source of alternating current, as shown 
in figure 3-24, the voltage will be doubled. The 
arrow in the doubler circuits in this chapter acts 
as the anode, and electron flow is in the opposite 
direction of this arrow. When the input voltage 
is as indicated in figure 3-24, A, the capacitor 
charges to the peak value of the line voltage. On 
the next half cycle the condition shown in figure 
3-24, B, results. The full peak voltage across 
the capacitor is retained, but because of the 
polarity reversal of the source, the rectifier no 
longer conducts and as a result the voltage 
across the capacitor adds to that of the source. 
Therefore, the total voltage across the rectifier 
has a peak value twice that of the source. Thus, 
the output voltage varies between zero and twice 
the peak input voltage during each cycle. 
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Figure 3-24. — Analysis of voltage doubler. 

The output voltage can be maintained over 
the entire cycle if a second rectifier unit and 
capacitor are added, as shown in figure 3-25. 
The second capacitor charges twice the peak 
input voltage when rectifier D2 conducts and 
holds its charge during the time D2 is noncon- 
ducting. 
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Figure 3-25.— Half-wave voltage doubler. 

Capacitor C2 cannot, however, maintain the 
full output voltage over the complete cycle if 
there is any appreciable load. This limitation 
results from the fact that when rectifier D2 is 
nonconducting no current is drawn from the input 
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circuit. Thus, C2 supplies the load current 
during discharge, and the output voltage falls 
proportionately. Because current is drawn from 
the source for only one-half of a cycle, this 
circuit is called a HALF-WAVE VOLTAGE 
DOUBLER. The half-wave characteristic and 
the size of capacitor C2 limit the use of this 
circuit to applications requiring only a small 
output current. 

FULL WAVE DOUBLER 

A doubler that operates as a full-wave 
rectifier is shown in figure 3-26. Actually, 
such a connection is equivalent to connecting 
a pair of half-wave doublers across the source 
so that the direction of their conducting paths 
is opposite. As a full- wave rectifier, this cir- 
cuit draws current from the voltage source 
during both halves of the input cycle. For one 
half cycle, CI charges to the source voltage 
through rectifier Dl, and for the next half cycle 
C2 charges to the source voltage through recti- 
fier D2. The voltages impressed across CI and 
C2 will therefore combine in series across the 
load to give the polarity and current flow indi- 
cated in the figure. 
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Figure 3-26.— Full- wave voltage doubler. 



3-27 shows a schematic diagram in which an 
output voltage equal to seven times the peak 
of the input voltage is developed. The number 
of sections in this type of circuit could be 
extended to give high output voltages, but with 
each additional section the voltage regulation 
is adversely affected. The circuit acts as a 
half-wave multiplier and thus large capacitors 
must be employed to maintain current flow 
during alternate half cycles. 

The operation of this circuit may be ex- 
plained as follows: When the upper terminal 
is negative, electrons flow through all of the 
diodes, charging CI, C3, C5, and C7 to the peak 
voltage of the source. When the upper terminal 
is positive, the charges stored on these capaci- 
tors act in series with the input voltage to 
charge C2, C4, and C6 to twice the value of the 
input voltage. This reasoning may be continued 
through the first seven half cycles, and at this 
time the voltage across C7 will have been built 
up to seven times the input voltage. 

Contrary to what may be expected upon first 
inspection of this circuit, the inverse peak 
voltage across any one of the rectifiers does 
not increase with the number of stages. Actually 
the peak inverse voltage across each rectifier, 
regardless of its position in the circuit, is 
twice the peak value of the input voltage. 

Voltage multipliers are not widely used in 
naval electronic equipment. When high voltages 
are required, designers prefer the more con- 
servative and dependable transformer and high- 
vacuum rectifier type of supply. When multi- 
pliers are utilized, the disk-type rectifier is 
well suited to the application because it requires 
no filament supply. If electron-tube rectifiers 
were used, the simplicity of the multiplier 
would be defeated by the necessity for providing 
a separate filament transformer for each stage 
of multiplication. 

GRID-BIAS VOLTAGES 



VOLTAGE MULTIPLIERS 



GRID BIAS FROM B SUPPLY 



The process of increasing the voltage can 
be performed at higher levels of multiplication 
such as tripling and quadrupling. Theoreti- 
cally, the voltage could be multipled an infinite 
number of times by this process. Practical 
considerations, however, generally limit the 
multiplication to four or five times. Figure 



In modern electronic equipment the grid- 
bias voltage is frequently derived from the 
plate supply voltage. Three methods are shown 
in figure 3-28. 

The methods shown in figure 3-28, A and B, 
are commonly used in low-power amplifiers. 
The prime consideration is that the bypass 
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Figure 3-27. -Voltage multiplier. 
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Figure 3-28.— Methods of obtaining grid-bias 
voltage from the plate power supply. 

capacitor be large enough to maintain a steady 
voltage across the resistor at the lowest oper- 
ating frequency of the amplifier. In other 
words, the impedance of the capacitor should 
be very low, compared with the resistance of 
the bias resistor, at the lowest frequency to be 
passed by the amplifier. These arrangements 
will obviously reduce the effective plate-to- 
cathode voltage by the absolute value of the 
bias voltage. 

A brief consideration of current flow through 
the bleeder and through the tube in figure 3-28,A, 



may be of value in understanding how the bias 
is established. Bleeder current flows from 
B- to B+, and the no-signal (bias) voltage be- 
tween grid and cathode is determined by the 
position of the movable contact. The grid is 
thus negative with respect to the cathode. The 
d-c component of plate current also flows 
through the lower portion of the bleeder. 
Capacitor C offers less opposition to the signal 
component of the plate current than does the 
lower portion of the bleeder. Therefore, the 
signal component flows from B- through C to 
the cathode, and back to B+. Because the 
signal component does not flow through the 
bleeder the bias voltage is maintained at a 
steady value. 

In figure 3-28,B, the bias is developed by 
the flow of the d-c component of the plate 
current through the bias resistor. The a-c 
component is passed around the bias resistor 
by the bypass capacitor. Thus, a steady nega- 
tive bias is established between grid and cath- 
ode. 

The method shown in figure 3-28,C, is used 
frequently in power amplifiers. This arrange- 
ment makes use of the resistance in the power- 
supply filter choke to supply the voltage drop 
necessary for grid bias. In this circuit the 
grid is connected to B-, and the signal compo- 
nent of the plate current flows from B-, through 
the low reactance of C, to the cathode, and back 
to B + via the tube and load resistor. 

Batteries are sometimes used for bias sup- 
plies when absolute stability of the bias voltage 
is necessary. Under these conditions the battery 
supplies no grid current and its effective life 
is its "shelf life." A more popular type of 
bias battery now in use is composed of tiny 
individual dry cells capable of being clamped 
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together in a special type of holder resembling 
a fuse clamp. Any number of these dry cells 
can be placed in series to obtain bias voltages 
in multiples of 1.5 volts. These cells have 
extremely long shelf life. 

Very large, high-power amplifiers frequently 
have separate bias supplies. They may be d-c 
generators or rectifier-filter systems. If d-c 
generators are used a filter must be placed in 
the output to eliminate any commutator ripple 
that may be present. If a filter were not used, 
the ripple, no matter how small, would be 
amplified by the tube and cause distortion of 
the output signal. 

FIXED BIAS VOLTAGE SUPPLY 

Some electronic equipments require a fixed 
bias. Transmitters, especially those that handle 
considerable amounts of power, need a fixed 
negative bias in order to protect the tubes and 
circuits, should other systems of bias fail. 
In the absence of a fixed bias a failure of the 
normal bias would cause a large increase in 
current through the tube and the associated 
equipment, and damage to the equipment might 
result. 

One of the circuits that may be used to 
produce a fixed bias voltage is shown in figure 
3-29. A conventional full-wave rectifier to- 
gether with its filter circuit is shown at the top 
of the figure. This rectifier furnishes the high 
d-c voltages for the plates and screen grids of 
the tubes. The fixed bias supply is shown en- 
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Figure 3-29. — Fixed bias supply circuit. 



closed in the dotted lines. The lower half of 
the high-voltage secondary is used, together 
with a half-wave rectifier diode, V2, and filters 
Rl, R2, CI, and C2, to produce the fixed bias 
across R3. 

When the lower end of the high-voltage 
secondary (fig. 3-29) is negative, electrons 
flow from the cathode to the plate of V2 and 
down through R3 to ground and thus back to the 
center tap on the secondary; thus the output 
voltage is negative with respect to ground in 
contrast with the B- supply circuit. 

The tap on R3 permits the bias to be ad- 
justed to the correct value. Bias resistor R3 
generally has a relatively low value of resist- 
ance to minimize voltage variations due to grid 
current in class-C amplifiers, overdriven 
class-A amplifiers, or class-AB2 amplifiers. 
If grid current should flow in one of the stages 
connected to the fixed bias supply, the voltage 
across the bias resistor (in the absence of 
capacitor C3) would increase and the bias would 
be increased accordingly. 

When less bias voltage is needed than is 
developed in the circuit shown in figure 3-29, 
the 6-volt filament transformer supply circuit 
shown in figure 3-30,A, may be used instead. 

The operation of the circuit in figure 3-30, A, 
may be explained by the use of the simplified 
circuit shown in figure 3-30, B. Assume that at 
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Figure 3-30.— Shunt-fed rectifier bias supply. 
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a given instant point 1 is negative and point 2 
is positive. Electrons flow from point 1 through 
the tube and charge the right-hand plate of CI 
negative. During this conducting time Rl is 
short-circuited by the tube. On the other half 
cycle when point 1 is positive and point 2 is 
negative, electrons cannot flow through the 
tube. Instead, CI, which has charged to ap- 
proximately the full peak voltage of the supply, 
now partially discharges through Rl, thus de- 
veloping the bias voltage. The time constant of 
C1R1 is relatively long, so that only a small 
amount of charge leaks off CI during the non- 
conducting period. R2 and C2 serve as filters, 
so that the voltage appearing between point 5 
and ground is relatively free of ripple. 

ELECTROMECHANICAL SYSTEMS 

DYNAMOTORS 

The basic electrical power source in many 
aircraft is a 24-volt storage battery and an 
engine-driven generator. The generator charges 
the battery and supplies engine ignition, air- 
craft lights, and other electrical loads. In 
addition, aircraft communications equipment 
generally has incorporated within it another 
rotating machine called a DYNAMOTOR. 

The dynamotor performs the dual functions 
of motor and generator, changing the relatively 
low voltage of the 24-volt power supply into a 
much higher value for the plates and screens 
of electron tubes. The dynamotor usually em- 
ploys two windings on a single armature. The 
two windings occupy the same set of slots and 
terminate in two or more separate commuta- 
tors. The armature rotates in a single field 
frame with a conventional field winding to 



provide the excitation for both motor and 
generator. The motor armature winding is 
connected to the 24-volt power source and 
develops driving torque which rotates the 
armature as a motor. The generator winding 
is connected to the plates and screens of the 
electron tubes of the associated equipment and 
generates the relatively high voltage for these 
loads. 

A functional diagram of a typical dynamotor 
is illustrated in figure 3-31. The heavy lines 
represent the motor circuit. Relatively high 
current from the low- voltage source flows 
through the motor winding of the armature. 
The field is also energized from the low- 
voltage source. The interaction of the large 
current in the motor armature conductors with 
the field causes the armature to rotate. 

The high-voltage winding, represented by 
the finer lines between the field, is wound in 
the same armature and rotates with the motor 
winding. When turning, the high- voltage wind- 
ing cuts the lines of force of the common field 
and generates a voltage which is developed 
across the brushes on the high-voltage com- 
mutator. The greater the number of turns in 
the high-voltage armature winding, the greater 
will be the voltage output. 

Because the armature and field windings in 
the diagram of figure 3-31 are connected in 
parallel this is called a SHUNT- WOUND (shunt- 
connected) MOTOR. The desirable character- 
istic of this type of motor is that the speed 
remains fairly constant with changes in the load 
placed upon it. 

The high current required by the motor 
necessitates a correspondingly large size in the 
motor components such as the commutator, 
brushes, and armature wire as compared to 
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Figure 3-31. — Functional diagram of a dynamotor. 
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those components of the generator. The motor 
commutator is larger in diameter but has fewer 
segments than that of the generator. Because 
more turns in the generator armature winding 
produce a higher output voltage, there are a 
greater number of turns in that winding and the 
wire size is correspondingly reduced. 

Filters are placed at the high-voltage output 
terminals to filter out high-frequency currents 
produced by sparking between the brushes and 
the rotating commutator segments, thereby 
eliminating any possible interference that the 
sparking may cause. The filter consists of a 
combination of chokes and capacitors such as 
shown in the typical filter section at the right 
of figure 3-31. The purpose of the chokes, LI 
and L2, is to present a high impedance to the 
high-frequency currents so that they will not 
be present in the output. The low impedance 
of the capacitors, CI, C2, C3, and C4, bypasses 
high-frequency currents to ground. 

Additional audio filtering is provided to 
eliminate commutator ripple which compares 
with the ripple found in the output of conven- 
tional a-c rectifiers. This audio filtering con- 
sists usually of a series inductor of compara- 
tively high value and a shunt capacitor. It is 
represented in the figure by the iron-core 
choke, L3, and capacitor C5. The capacitor 
across the low-voltage input leads reduces 
sparking between the brushes and commutator 
at the input end of the dynamotor. 

VIBRATORS 

The vibrator is another type of voltage 
supply used to obtain a high a-c or d-c voltage 
from a comparatively low d-c source. It has 
certain advantages over the dynamotor type of 
power supply. For example, the vibrator is 
lighter and less expensive than the dynamotor; 
it is also more efficient. However, the vibrator 
can be used only when a limited amount of 
high-voltage current is needed. Also, its life 
is relatively short, and it tends to produce 
radio interference (hash). It is extensively 
used in the "power packs" of lightweight 
mobile equipment. Actually, neither the dyna- 
motor nor the vibrator are power supplies as 
such, being only the means by which low- voltage 
direct current is converted to high-voltage 
direct current. 

A simple vibrator power supply is shown in 
figure 3-32. It is nothing more than a simple 



interrupter, similar in many respects to a 
buzzer or doorbell. Pulsating direct current is 
used to energize the primary winding of a 
transformer which in turn induces an a-c 
voltage in the secondary. The turns ratio of 
the transformer windings are chosen to give 
the desired output voltage. 
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Figure 3-32.— Basic vibrator power-supply 
system. 

When the switch is closed in the circuit of 
figure 3-32, current flows from the battery 
through the electromagnet, and then through 
contact B, armature A, primary winding P, and 
back to the battery. In passing through the 
electromagnet the current sets up a magnetic 
field that attracts the armature. As the arma- 
ture moves it breaks the circuit at contact B. 
As soon as the circuit is broken, the electro- 
magnet no longer attracts the armature, thus 
allowing spring C to pull it back to the starting 
position. At the starting position, contact B 
again closes the circuit and the process is 
repeated. In this way a pulsating direct current 
that induces a high voltage in the secondary 
winding flows through the primary of the 
transformer. 

The output voltage of the secondary is 
applied to a conventional rectifier and filter 
network, which converts the alternating current 
back into direct current, but at a higher voltage. 

Two typical vibrator power-supply systems 
are shown in figure 3-33. In figure 3-33, A, is 
shown the nonsynchronous type of vibrator power 
supply. This type of power supply requires a 
separate rectifier and filter. Either cold- 
cathode or high-vacuum rectifiers are used 
with nonsynchronous vibrators. 
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The operation of this type of vibrator is 
much the same as that of the basic vibrator 
shown in figure 3-32. When the battery switch 
is closed, current flows through the lower half 
of the primary, the electromagnet, and back to 
the battery, producing an expanding magnetic 
field. As the armature is drawn down, the 
electromagnet is temporarily short-circuited, 
and loses its magnetism. The armature is 
released and makes contact with terminal 2. 
Current now flows through the upper half of 
the primary and back to the battery. At the 
same time this is occurring, the field pre- 
viously established by the current in the lower 
half winding is collapsing. The effect of the 
simultaneous expansion of one field and col- 
lapsing of the other field is to increase the 
magnitude of the induced voltage in the sec- 
ondary. 

The synchronous vibrator, shown in figure 
3-33, B, does not require a rectifier tube. This 
type of vibrator is called a synchronous vibra- 
tor because two additional contact connected 
to the ends of the secondary winding are so 
synchronized with the contact in the primary 
circuit that rectification takes place. 

Contacts 3 and 4 perform the function of 
rectification. Insofar as the primary is con- 
cerned, the action is similar to that of the 
nonsynchronous vibrator. If at a given instant 
point 5 is negative and the armature is touch- 
ing points 2 and 3, electrons will flow from 
point 5, to point 3, to ground; and return to the 
center tap on the secondary by way of the load. 
A half cycle later, point 6 is negative and the 
armature is touching points 4 and 1. Electrons 
then flow from point 6 through 4 to ground, and 
return to the center tap via the load. Thus, 
current always flows through the load in the 
same direction— that is, from ground to the 
center tap. 

INVERTERS 

In many naval aircraft the primary source 
of power that is available for use in the elec- 
tronic equipment is the 24-volt d-c supply that 
is used to run dynamotors and to supply low- 
voltage filament and heater power of low- 
power transmitters and receivers. In addition, 
11 5- volt alternating current is often derived 
from the low-voltage direct-current source by 
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Figure 3-33.— Typical vibrator power-supply 
systems. 



the use of a device called an INVERTER. The 
inverter is a rotating type of machine that takes 
an input of 24 volts d-c and changes it into 115 
volts a-c at about 800 cps. 

The 115-volt power is then used to provide 
the input for rectifier power supplies in the 
high-power electronic equipment, such as radar 
units. 

Electromechanical systems that change al- 
ternating current to direct current are com- 
monly called CONVERTERS, and the electro- 
mechanical systems that change direct current 
to alternating current are commonly called 
INVERTERS. 

Because alternating current is used for 
some of the instruments on aircraft, and also 
for control equipment, radar, radio, fluorescent 
lighting, and the like, some means of producing 
alternating current from the aircraft direct- 
current system is necessary. Although lighter 
equipment may be used in certain instances, 
the motor-generator (d-c motor, a-c generator) 
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set is more flexible and in general more satis- 
factory from the point of view of frequency and 
voltage control. 

Common frequencies of aircraft inverters 
are 400 and 800 cycles per second. The higher 
frequencies permit smaller inductive compo- 



nents in the equipment and thus the weight may 
be kept to a minimum. 

Both d-c motors and a-c generators are 
treated in texts on basic electricity and hence 
will not be treated here. 



CHAPTER 4 

TUNED CIRCUITS 



INTRODUCTION 

A tuned electrical circuit has capacitance, 
inductance, and resistance in series or in 
parallel. When the circuit is energized at a 
particular frequency, known as the resonant 
frequency, an interchange of energy occurs 
between the coil and capacitor. This inter- 
change of energy tends to build up in amplitude 
far above the amount delivered by the energizing 
source. This is known as a resonant condition. 
At resonance, the inductor stores energy during 
the half cycle that the capacitor discharges and 
returns the energy during the next half cycle to 
recharge the capacitor. Because the circuit re- 
sistance acting in series with the inductor and 
capacitor is maintained low, large amounts of 
energy may be exchanged at the resonant fre- 
quency, with minimum loss of energy in the 
circuit. The small energy loss incurred in the 
circuit is replenished from the source feeding 
the circuit. 

At resonance, the time needed to charge the 
capacitor must be equal to the time needed to 
discharge the coil, otherwise the charge and 
discharge will be out of step and cancellation 
vill result. 

In a series-tuned circuit, the impedance in 
ohms across the terminals of such a circuit is 

Z=vk2 +( x L _ Xc) 2. 

Since the inductive reactance, Xl, and the ca- 
pacitive reactance, Xq 9 are equal and opposite 
in polarity at the resonant frequency, they 
balance each other and the actual total reactance 
is reduced to zero. Because Xl-Xc = 0, the total 
impedance of the circuit at the resonant fre- 
quency is equal to the resistance of the circuit, 
or Z=R; at resonance, the maximum amount of 
current will flow in the circuit. 

The most important characteristic of a 
SERIES- TUNED CIRCUIT is that AT RESO- 
NANCE THE CIRCUIT IMPEDANCE IS A MIN- 
IMUM. 



At frequencies below resonance the series 
circuit acts like a capacitor plus a resistor, 
and accordingly the circuit current is reduced. 
At frequencies above resonance, the circuit acts 
like an inductor plus a resistor, and the current 
is likewise reduced. 

At resonance, the voltage across the ca- 
pacitor and the voltage across the inductor are 
equal in magnitude. Because they are 180° out 
of phase with each other their vector sum is 
zero and the source voltage appears across the 
circuit resistance. Because the series resist- 
ance is low, the source voltage is small in re- 
lation to the voltage across the coil and capaci- 
tor. Under these circumstances the voltage 
appearing across either the inductor or the 
capacitor may be much higher than the input 
voltage. 

A parallel -tuned circuit consists of a com- 
bination of inductance and capacitance connected 
in parallel. A small value of resistance (repre- 
senting the inherent resistance of the two 
components) may be considered as acting in 
series with the inductance and capacitance 
(fig. 4-1, A). 

The inductive branch containing losses may 
be represented as two parallel branches, one 
having an equivalent inductance and no loss, 
and the other having an equivalent shunt re- 
sistance with the same loss as in the original 
series resistance. The total current of the 
original inductive circuit with loss may be re- 
garded as being made up of two components 90 r 
out of phase. One component (I e n) called the 
energy component flows in the equivalent shunt 
resistance and is in phase with the applied 
voltage. 

The other component (I n onen) * a & s the applied 
voltage by 90° and is called the nonenergy com- 
ponent of current. It flows in the pure inductive 
branch with no losses. The nonenergy com- 
ponent of current is so named because it is a 
component of reactive power which is returned 
to the circuit twice every cycle of applied voltage. 
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Figure 4-1. — Parallel- tuned circuit. 



The vector sum of the two components of 
current is equal to the total current of the 
original inductive branch containing losses and 
lags the applied voltage by angle 0 where cos 0 
is the power factor of the original inductive 
branch. 



In the example of figure 4-1, A, the current 
in branch 2 of the original inductive branch with 
losses is 

I 2 - .51 = 10?. = 20 am p er es 
Z 2 5 
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The energy component of current in Rp2 of 
the equivalent parallel circuit of branch 2 is 

! 2en - 20 ( cos 53 « lC = °* 6 ) = 12 amperes. 

The nonenergy component of current in XLP2 
of the equivalent parallel circuit of branch 2 is 

l2nonen = 20 ( sin 53 - 10 = °- 8 ) = 16 amperes 

The reactance Xlp2 of the equivalent parallel 
reactance of branch 2 is 

XLP2 a l~ — = t~ = 6.25 ohms 
A 2nonen 10 

The resistance Rp2 of the equivalent parallel 
resistance of branch 2 is 

Rp2 =7^" B T? a 8.33 ohms 
I2en 12 

The combined impedance of the equivalent 
parallel circuit of branch 2 comprising Xlp2 
and Rp2 is equal to the impedance of the orig- 
inal branch 2 comprising Xl s and R s , because 
they both have the same total current and voltage. 

The same approach is made to the current 
flowing in the capacitive branch containing some 
resistance, except that in the latter case the 
nonenergy component of the current leads in- 
stead of lags the applied voltage by 90° . 

At resonance, the nonenergy component of 
the lagging current flowing through the induc- 
tive branch is exactly equal to the nonenergy 
component of the leading current flowing through 
the capacitive branch. Under these circum- 
stances the current flowing in either of the 
branches may be much greater than the line, 
or input, current. Because these currents are 
180° out of phase, they neutralize. The small 
in- phase current that now flows in the line is 
due to the inherent resistance of the circuit. 
Therefore, at resonance the impedance offered 
by the parallel circuit is a MAXIMUM and is 
purely RESISTIVE. 

The variation of Z and I with frequency is 
illustrated in figure 4-1, C. 

The most important characteristic of a 
PARALLEL-TUNED CIRCUIT is that AT RESO- 
NANCE THE CIRCUIT IMPEDANCE IS A MAX- 
IMUM. 

At frequencies below resonance, the current 
through the inductive branch is large and lags 
the applied voltage by approximately 90°. At 
the same time a smaller component of current, 
which leads the applied voltage by approximately 



90°, flows through the capacitive branch. Above 
resonance, the opposite conditions prevail. 

If the ratio of the reactance to the inherent 
resistance of both the inductor and the capaci- 
tor is high, the circuit will be in resonance at 
the same frequency irrespective of whether the 
components are connected in series or in 
parallel. 

In radio receivers, tuned circuits are used 
both for the selection of the desired frequency 
and for the rejection of undesired frequencies. 
The relative ability of a receiver to select the 
desired signal while rejecting all others is 
called SELECTIVITY. 

In radio transmitters the entire process of 
radio-frequency power generation and amplifi- 
cation depends on the proper functioning of tuned 
circuits. 

Test instruments such as signal generators, 
oscillators, and frequency meters, as well as 
other electronic devices such as television 
transmitters and receivers, and radar and sonar 
equipments, employ many tuned circuits. 

The variation of current with frequency in R, 
L, C, and RCL series circuits is summarized in 
figure 4-1, D. In constant potential circuits 
where the resistance is constant, the effective 
current is also constant and independent of fre- 
quency. If the circuit contains only inductance 
(L), the effective current decreases as the fre- 
quency increases; in a capacitive circuit the 
current increases directly with the frequency. 
In a series circuit containing C, L, and R, 
current rises to a maximum at a resonance and 
decreases both above and below resonance. 

Before tuned circuits can be analyzed, an 
elementary understanding of vectors and vector 
algebra is required. Accordingly, a brief review 
of vectors as they are expressed both in the 
rectangular and the polar form follows. 

EXPRESSING VECTORS ALGEBRAICALLY 

Many common physical quantities such as 
temperature, the speed of a moving object, or the 
displacement of a ship can be expressed as a 
certain number of units. These units define only 
the magnitude and give no indications of the 
direction in which the quantity acts. Such 
quantities are called SCALAR quantities. If 
both the magnitude and the direction in which the 
quantity acts are indicated, it is called a 
VECTOR quantity and may be represented by a 
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vector. For example, a vector representing the 
speed and heading of a ship having a speed of 
10 knots and a heading of 45° (northeast) is a 
straight line extending upward and to the right. 
The length of the line is proportional to the speed 
of 10 knots. The angle that the line makes with 
the vertical (north at the top) is 45° clockwise 
from the vertical. 

Electrical vectors are commonly used to 
represent a-c currents and voltages and their 
phase relations. The length of the vector repre- 
sents the magnitude of the quantity involved, and 
the direction of the vector, with respect to a 
reference axis, represents the lapse in time be- 
tween the positive maximum values of current 
and voltage. 

Impedance triangles, the sides of which 
represent vector quantities, are also used to 
represent the resistance and reactance com- 
ponents of a-c circuits. These are right 
triangles having a base equal to the resistive 
component, an altitude equal to the reactive 
component, and a hypotenuse equal to the com- 
bined impedance. The angle between the com- 
bined impedance and the resistive component 
(hypotenuse and base) is equal to the phase angle 
between the voltage across the impedance and 
the current flowing through it. 

In this chapter it is necessary to determine 
circuit impedances by the addition, subtraction, 
multiplication, and division of vector quantities. 
When it is inconvenient to express the quantity 
by simple algebra, a system of complex notation 
is used. 

OPERATOR J 

In calculations in electronics it is often 
necessary to perform operations involving the 
s quar e root of a nega tive number— for example, 
n/ -9, V -5, and V -x. Because no number when 
multiplied by itself will produce a negative 
result, the roots of numbers such as the fore- 
going cannot be extracted. It therefore becomes 
necessary to introduce a new type of notation to 
indicate the square root of a negative number. 
These numbers are called IMAGINARY NUM- 
BERS to distinguish them from the so-called 
REAL NUMBERS. Actually, the numbers that 
we call imaginary in the mathematical sense 
are real in the physical sense. The term is 
merely one of convenience, as will be pointed 
out in the succeeding paragraphs. 



In algebra, the foregoing quantities are 
treated as V-T or V-lx3; v^TVS; and 
V^T Vx7 The term, V^T % is expressed asi (for 
imaginary) in mathematics books, but when 
working with electrical circuits it is convenient 
to use the term j (called the J OPERATOR), 
because i is used to indicate the instantaneous 
value of the circuit current. 

GRAPHICAL REPRESENTATION 

In order to present a quantity graphically, 
some system of coordinates must be employed. 
Quantities involving the j operator may be con- 
veniently expressed by the use of RECTANGU- 
LAR COORDINATES, as shown in figure 4-2. 
In order to specify a vector in terms of its X 
and Y components, some means must be em- 
ployed to distinguish between X-axis and Y-axis 
projections. Because the fY-axis projection is 
+ 90° from the + Y-axis projection, a convenient 
operator is one that will, when applied to a 
vector, rotate it without altering the magnitude 
of the vector. Let +j be such an operator that 
produces 90° COUNTERCLOCKWISE rotation 
of any vector to which it is applied as a multi- 
plying factor. Also, let -j be such an operator 
that produces 90° CLOCKWISE rotation of any 
vector to which it is applied as a multiplying 
factor. 

Successive applications of the operator + j to 
a vector will produce successive 90° steps ro- 
tation of the vector in the counterclockwise di- 
rection without affecting the magnitude of the 
vector. Likewise, successive applications of the 
operator -j will produce successive 90° steps of 
rotation in the clockwise direction. This rota- 
tion is shown in table 4-1. 

In the four quadrants (upper right, upper 
left, lower left, and lower right) the signs 
indicate the direction of the vertical (J) com- 
ponent. The + sign indicates a vertically up- 
ward direction from the X axis and the - sign 
indicates a vertically downward direction from 
the X axis. 

Consider the following example: The number, 
+ 4, in figure 4-2, A, indicates that 4 units are 
measured from the origin along the X axis in the 
positive direction. A +j operator placed before 
the 4 indicates that the number is to be rotated 
90° counterclockwise and will now be measured 
along the Y axis in a positive direction. Like- 
wise, a -j operator placed before the 4 indicates 
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Figure 4-2. — Coordinates showing real and imaginary axes. 



Table 4-1.— Relation of Operator J to 
Vector Rotation. 



Operator 


Mathematical 
equivalent 


Direction of 
rotation 


Degree of 
rotation 


j 


yH 


Counter- 
clockwise 


90 


j2 


- 1 


do 


180 


J> .... 


- vTT 


do 


270 


J4 . . . . 


l 


do 


360 


-j . . . . 


- v^T 


Clockwise 


-90 


(-j) 2 . . • 


- 1 


do 


- 180 


(-j) 3 . . • 




. do 


-270 


(-j) 4 . . . 


1 


do 


-360 



that the number is to be rotated 90° clockwise, 
and will now be measured along the Y axis in 
the negative direction. 

It may be recalled that inductive reactance, 
Xl, is indicated as lying along the Y axis in the 
positive direction, and capacitive reactance, Xc, 
is indicated as lying along the Y axis in the 
negative direction; resistance in each case is 
measured along the X axis in the positive direc- 
tion. Therefore, +j has a direct association 
with Xl in that both are measured in the same 
direction along the Y axis, and -j similarly has 
a direct association with Xc. 

The function of the j operator may be shown 
as follows: The expression, 4 ohms, indicates 
that pure resistance is involved. In order to 
indicate that the 4 ohms represent capacitive 
reactance or inductive reactance a special 
symbol is needed. The use of the j operator 
gives a clear indication of the type of reactance. 
For example > if the j operator is not used, the 
4 ohms is resistive. If +j is used (+j4), the 4 
ohms is inductive reactance. If -j is used 
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(-j4), the 4 ohms is capacitive reactance (fig. 
4-2,B). 

The so-called COMPLEX NUMBER contains 
the "real" and the 1 'imaginary' 9 terms con- 
nected by a plus or a minus sign. Thus, 3+j4 
and 3-j4 are complex numbers. This means 
that the 3 and the 4 in each instance are to be 
added vectorially, and the +j and -j indicates 
the direction of rotation of the vector following 
it. The real number in these examples is 3 and 
could be represented by a line drawn three units 
out from the origin on the positive X (resistance) 
axis. The imaginary number, + j4, could like- 
wise be represented by a line extended 4 units 
from the origin on the positive Y, or Xl, axis; 
and -j4 could be represented by a line extended 
4 units from the origin on the negative Y, or Xc, 
axis. The IMAGINARY, or QUADRATURE, 
quantities (for example, the Xl and Xq values) 
are always assumed to be drawn along the Y 
axis, and the REAL quantities (for example, the 
R values) are always assumed to be drawn along 
the X axis. 



ADDITION AND SUBTRACTION OF 
COMPLEX NUMBERS 

Values that are at right angles to each other 
cannot be added or subtracted in the usual sense 
of the word. Their sum or difference can only 
be indicated, as is done in the case of binomials 
(an expression involving two terms). Thus, 
assume that it is desired to add 3+j4 to 3-j4. 

3+j4 
3-j4 
6- 0 

The imaginary term disappears, and only the 
real term, 6, remains. If 3+ j4 is added to 3+j4, 
the sum is the complex quantity, 6+j8. 

One complex expression may also be sub- 
tracted from another complex expression in the 
same manner that binomials are treated. For 
example, 3-j2 may be subtracted from 3+j4 as 

3+j4 
(-) 3-j2 
0+j6 

The real term disappears, and the result is 6 
units measured upward from the origin on the Y 
axis. If 3-j2 is subtracted from 6+j4, the dif- 
ference is the complex quantity, 3+j6. 



MULTIPLICATION AND DIVISION 
OF COMPLEX NUMBERS 

Complex numbers are multiplied the same 
way that binomials are multiplied— for example, 
if 3-j2 is multiplied by 6+j3 

3-j2 

6+j3 
18-jl2 

+j9-j26 
18-j3-j26 

Because j 2 =-l, the product becomes 18-j3-(-l)6, 
or 24-J3. 

Complex numbers may be divided in the same 
way that binomials containing a radical in the 
denominator are divided. The denominator is 
rationalized (multiplied by its conjugate-a term 
that is the same as the denominator except that 
it has the opposite algebraic sign before the j 
term), and the quotient is expressed as a term 
having only a real number as the divisor. For 
example, if 4+j3 is divided by 2-j2, 

4+j3 = (4+j3)(2+j2) = 2+jl4 
2-j2 (2-j2)(2+j2) 8 

25 ^ = 0.25+jl.75 



RECTANGULAR AND POLAR FORMS 

Sometimes it is more convenient to employ 
polar coordinates than rectangular coordinates. 
In RECTANGULAR FORM the vector is 
described in terms of the two sides of a right 
triangle, the hypotenuse of which is the vector. 
Thus, in figure 4-3, vector OB is described in 
rectangular form by the complex number 3+j4. 
In other words, the end of the vector, OB, is 3 
units along the + X axis and 4 units along the +Y 
axis, and its length is 5 units. 

The vector, OB, may also be described if its 
length and the angle, 0, are given. When a 
vector is described by means of its magnitude 
and the angle it makes with the reference line 
it is expressed in the POLAR FORM. In this 
instance the length is 5 units and the angle, 0 9 is 
approximately 53°. The vector, OB, may then 
be expressed in the polar form as 5 z. + 53°. If 
the rectangular form is 3-j4, the polar form is 
5^ -53°. 



74 
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3 = 5(COS 53.1° = 0.6) 
0B=3 + j4=5Z53.l° 



20.42 



If the vector is originally expressed in the 
polar form as 5^+53.1°, it may be converted to 
the rectangular form by the use of cos 53.1° and 
sin 53.1°. In this instance the vector is 5 units 
in length and makes an angle of approximately 
53.1° with the +X axis. Thus, 

sin 53.1° = ^y, 



or 



or 



BC 55 5 sin 53.1° = 5x0.8 = 4; cos 53.1° 
OC = 5 cos 53.1° = 5x0.6 = 3. 



OC 
5 ' 



Figure 4-3.— Rectangular and polar forms 



Therefore with BC and OC known, the vector 
may be expressed as the complex number 3+j4 
(fig. 4-2,B). 

The polar form may be converted to the 
rectangular form more concisely in the follow- 
ing manner: 

5 l. + 53° = 5 cos 53.1° + j5 sin 53.1° 

= 5x0.6+j5x0.8 

= 3+j4 



The plus sign is shown with positive angles 
in this chapter in order to emphasize positive 
angles as contrasted with negative angles. The 
negative sign preceding the angle indicates 
clockwise rotation of the vector from the zero 
position. 

CONVERTING FROM ONE FORM 
TO THE OTHER 

Assume that the rectangular form is ex- 
pressed by the complex number, 3+j4. The 
angle, 6, and the actual length of the vector, 
OB, are not given. The length, OB, can be de- 
termined by use of the Pythagorean theorem 
(OB = V 32+42), but it is usually simpler to 

determine first the angle, 0, by finding the angle 
4 

whose tangent is — = 1.33. The angle is 53.1° 

from a table of trigonometric functions. 
From the same table, sin 53.1°= 0.8. Since sin 
BC 

Q = -=-=r y it follows that 
OB 

sin 53.1°" 0.8 " 3| 

and the vector may be expressed in the polar 
form as 5 z. +53.1°. 



ADDITION AND SUBTRACTION 
OF POLAR VECTORS 

Unless polar vectors are parallel to each 
other they cannot be added or subtracted alge- 
braically. Therefore, the polar form is con- 
verted first to the rectangular form. Then the 
real components are added algebraically, and 
likewise, the imaginary components are added 
algebraically. Finally the result may be con- 
verted back to the polar form. Vector summa- 
tion is indicated by the symbol ©. 

As an example, find the resultant vector, OR 
(fig. 4-4) of vectors OA and OB when OA- 10 <l 30° 
andOB=8^60°. OR=OA0 OB 
Converting to rectangular form: 

OA=10 cos 30% jlO sin 30° = 8.66+j5.0 
OB- 8 cos 60% j 8 sin 60°=4.0 + j6.93 

Adding, like components, OR=12.66+j 11.93. 

Converting to polar form, OR =\/l2U562+ 11. 93 2 

11 

= 17.4 and tan 6 = - 0.943 

from whichfl- 43.4° . 
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Figure 4-4.— Addition of vectors. 

MULTIPLICATION AND DIVISION 
OF POLAR VECTORS 

The method of multiplying and dividing com- 
plex numbers by treating them as binomials 
and rationalizing the denominators may be sim- 
plified considerably by first converting the 
vectors into polar form and then proceeding to 
combine them in the following manner: 

To obtain the product of two vectors, multi- 
ply the numbers representing the vectors in 
polar form and add their corresponding angles 
algebraically. The resultant vector is in polar 
form. Thus, 

(5^+ 53°) (5z-53°) = 25^0°. 

To obtain the quotient of two vectors, divide 
the numerator by the denominator as in ordinary 
division, then subtract algebraically the angle of 
the denominator from the angle in the numera- 
tor. The resultant vector is in polar form. 
Thus, 



SERIES RESONANCE 

SERIES-RESONANT CIRCUIT 

A series- resonant circuit is composed of a 
capacitor, an inductor, and a resistor, as shown 



in figure 4- 5, A. The circuit losses that occur 
in the capacitor, the inductor, and the connecting 
leads are assumed to occur in the resistor, R, in 
the circuit. 



CONDITIONS REQUIRED FOR 
SERIES RESONANCE 

In order for the series circuit (fig. 4-5,A)to 
be in resonance, the frequency of the applied 
voltage must be such that Xl= Xc. 

When a series circuit contains resistance, 
inductive reactance, and capacitive reactance, 
the total impedance for any frequency is given 
as 

Z=R+j(X L -X C ). 

Because Xl increases and Xc decreases with 
an increase in frequency, at a certain fre- 
quency (the resonant frequency) Xl will equal 
Xc, they will cancel, the j term will drop out, 
and Z will equal R. Therefore, at the resonant 
frequency, the power factor is unity. Further- 
more, because the total impedance is now only 
the resistance, R, of the circuit, the circuit 
current is a maximum. In other words, at 
resonance the generator is looking into a pure 
resistance. 




20.64 

Figure 4-5.— Series resonance. 
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The resonant frequency of the series cir- 
cuit is established as follows: At resonance 



in which 
and 



x L = x c 

XL=2^fL 
1 



(4-1) 



2irfC 



Therefore, substituting the proper values in 
equation (4-1) gives 



2rrfL = 



1 



2 n fC 



Transposing (4-2) 



1 4*2LC 



and solving for f in (4-3), 



1_ 
2/rVTZ 



(4-2) 
(4-3) 

(4-4) 



where f is in cycles per second, L is in henrys, 
and C is in farads. 

At frequencies below resonance, Xq is 
greater than X^, and the circuit contains re- 
sistance and capacitive reactance; at frequen- 
cies above resonance, Xl is greater than X^ 
and the circuit contains resistance and induc- 
tive reactance. At resonance, the current is 
limited only by the relatively low value of 
resistance. 

Because the circuit (fig. 4- 5, A) is a series 
circuit, the same current flows in all parts of 
the circuit, and therefore the voltage across 
the capacitor is equal to the voltage across the 
inductor, because Xl is equal to Xq. These 
voltages (fig. 4-5,C), however, are 180° out of 
phase, since the voltage across a capacitor lags 
the current through it by approximately 90° and 
the voltage across the inductor leads the cur- 
rent through it by approximately 90°. The total 
value of the input voltage, E, then appears 
across R and is shown as Er in phase with the 
current, I. 

Assume that at a given instant corresponding 
to angle 0°, the current through the circuit is a 
maximum as indicated in figure 4-5,B. During 
the first quarter cycle (from (T to 90°) the 
circuit current falls from maximum to zero. 
The capacitor is receiving a charge, as is 
indicated by the rising voltage, e c , across it. 
The product of the instantaneous values of e c 



and i for this interval indicates a positive 
power curve. The shaded area under this curve 
represents the energy stored in the capacitor 
during the time it is receiving a charge. 

During the first quarter of a cycle (0° to 
90°), when the capacitor is receiving a charge, 
the magnetic field about the inductor is col- 
lapsing because the circuit current is falling 
and the inductor acts like a source of power 
that supplies the charging energy to the capaci- 
tor. The voltage, eL, across the coil, is oppo- 
site in phase to the voltage building up across 
the capacitor and is shown below the line. 
Therefore, the product of the instantaneous 
values of the current and voltage across the 
inductor indicates a negative power curve for 
the coil between 0° and 90° • 

During the second quarter cycle (90° to 
180°) the capacitor discharges from maximum 
to zero, as indicated by the capacitor voltage 
curve, e c , and the coil reverses its function 
and acts like a load on the capacitor. Thus, 
the capacitor now acts as a source of power. 
The product of a negative current and a positive 
voltage (e c ) indicates a negative power curve 
for the capacitor for this interval. During the 
same quarter cycle the current is rising through 
the inductor (in the opposite direction) and 
energy is being stored in the magnetic field. 
The product of the negative current and negative 
voltage, eL, for the second quarter cycle indi- 
cates a positive power curve for the inductor. 

A similar interchange of energy between the 
capacitor and inductor takes place in the third 
and fourth quarter cycles. Therefore, the aver- 
age power supplied to the inductor and capacitor 
by an external source is essentially zero. All 
circuit losses are Ussumed to be in the re- 
sistor, R. The voltage across the resistor and 
the current through it are in phase. The product 
of the voltage and current curves associated 
with the resistor indicates a power curve that 
has its axis displaced above the X axis. The 
displacement is proportional to the true average 
power which is equal to the product, EI (where 
E and I are effective values). Whatever power 
is dissipated in R is supplied by the source. 

A simple mechanical analogy of the series 
resonant circuit is helpful in describing the 
interchange of energy between the inductance 
and the capacitance and the relatively large 
increase in voltages appearing across them 
when the circuit is resonant. 
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The analogy consists of a weight (about 4 
oz) attached to a string of thin rubber bands 
(about six). With one end of the rubber bands 
suspended from the fingers the weight will 
bounce up and down with a very slight motion 
of the hand. 

The weight represents inductance in the 
series circuit. Its inertia is like the induct- 
ance of the coil. The rubber bands represent 
capacitance in the series circuit. Their elas- 
ticity resembles the capacitance of the capaci- 
tor. The amplitude of motion of the hand 
represents the magnitude of the input voltage. 
The frequency of motion of the hand represents 
the frequency of the input voltage. 

When the hand is moved slowly up and 
down, the weight will follow the motion with 
little or no change in the length of the rubber 
bands. This action corresponds to that in a 
series L-C circuit when the frequency of the 
applied voltage is considerably below resonance. 
Little or no change in the length of the rubber 
bands represents reduction of current. The 
capacitive reactance of the capacitor is large 
and restricts the current. The weight follows 
the motion of the hand. The inductive react- 
ance of the coil is low (below resonance) and 
only the capacitive reactance restricts the 
current. 

Conversely, when the motion of the hand is 
made very rapid (above resonance) the weight 
stands still and the rubber bands elongate and 
shorten in step with the motion of the input. 
Little or no change in the position of the weight 
represents a reduction of current. The induc- 
tive reactance of the coil is large and restricts 
the current. The rubber bands follow the 
motion of the hand. The capacitive reactance 
of the capacitor is low and only the inductive 
reactance restricts the current. 

Thus both below and above resonance, cur- 
rent is reduced. When the rate of motion of 
the hand is adjusted to the resonant frequency 
of the system, the weight will bounce through 
a much larger range of motion than that of the 
input. The large amplitude of motion of the 
weight and rubber bands represents a large 
increase in current (maximum) and voltage 
(maximum) developed across both the coil and 
the capacitor. The weight is pulled up as the 
rubber bands shorten so that the direction of 
the two amplitudes is opposite. This action 
corresponds to the 180° phase shift between the 



voltage across the coil and the voltage across 
the capacitor* 

The analogy of resonance can be summed 
up as follows. Maximum elongation of the 
rubber band represents maximum energy 
stored in the capacitor. The rubber band 
shortening and thus lifting the weight repre- 
sents the capacitor discharging its energy to 
the inductor. The weight at maximum eleva- 
tion represents the maximum energy stored in 
the inductor's magnetic field. The falling weight 
stretching the rubber band represents the in- 
ductor discharging its energy to the capacitor. 
Thus the interchange of energy between the 
capacitor and the inductor is repeated. 

The ratio of the amplitude of motion of the 
weight to the input amplitude represents the 
voltage gain of the series resonant circuit. 
The interchange of the energy between the 
weight and rubber bands keeps the system 
moving with very little input energy. The ratio 
of the energy stored periodically in the weight 
(or rubber bands) to the input energy is called 
the quality, or Q, of the system. 



QUALITY, OR Q 

The ratio of the energy stored in an inductor 
during the time the magnetic field is being 
established to the losses in the inductor during 
the same time is called the QUALITY, or Q, of 
the inductor; it is also called the FIGURE OF 
MERIT of the inductor. This ratio is 

I 2 XLt Xl 

l2Rt = R = Q * 

In terms of the mechanical analogy of the 
weight and rubber bands the ratio corresponds 
to the ratio of energy stored in the weight 
(during the time it is moving upward against 
gravity) to the input energy supplied by hand. 
If the oscillating weight is immersed in a 
liquid, it will be damped and the amplitude of 
oscillation will be reduced. More input energy 
will be required to maintain a given amplitude 
of oscillation than in air. This action corre- 
sponds to an increase in the effective resistance 
of the series resonant circuit. If the input 
voltage is not increased, the current and voltage 
drops across the coil and the capacitors will 
be reduced. 
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The Q of the inductor is therefore equal to 
the ratio of the inductive reactance to the effec- 
tive resistance in series with it, and it 
approaches a high value as R approaches a low 
value. Thus, the more efficient the inductor, 
the lower the losses in it and the higher is the Q. 

In terms of the impedance triangle (fig, 
4-6,A) 

q =X±= t an0, 

where 6 is the phase angle between the hypot- 
enuse, Z, and the base, R. As 6 approaches 
90° , tan 6 approaches infinity, and the coil 
losses approach zero. 

Similarly, in a capacitor the Q is a measure 
of the ratio of the energy stored to the energy 
dissipated in heat within the capacitor for equal 
intervals of time. This ratio is 

i 2 x c t 9 xc u Qj 

I 2 Rt R 

where R is the effective resistance in series 
with the capacitive reactance, Xc (fig. 4-6,B). 
The effective resistance is low with respect to 
the capacitive reactance, and is such that when 
multiplied by the square of the effective capaci- 
tor current equals the true power dissipated in 
heat within the capacitor. 
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AND RESISTANCE AND RESISTANCE 

20 65 

Figure 4-6.— Impedance triangles. 



In terms of the mechanical analogy of the 
weight and rubber bands, the capacitor losses 
correspond to those in the string of rubber 
bands. If the rubber bands are stiff and not 
very elastic, the amplitude of motion of the 
weight will be reduced. This action corre- 
sponds to an increase in the effective resist- 
ance of the capacitor. 

Since most of the losses in a solid-dielectric 
capacitor occur within the dielectric rather 
than in the plates, the Q of low-dielectric-loss 
capacitors is high. The losses of an air- 
dielectric capacitor are negligible, and thus the 
Q of such a capacitor may have a very high 
value. 

The Q of a circuit, like the series-resonant 
circuit of figure 4-5, A, is the ratio of the energy 
stored to the energy lost in equal intervals of 
time. The expression becomes 

I 2 X L t ^ I 2 X C t X L X C 

I 2 Rt I 2 Rt R R ' 

where R represents the total effective series 
resistance of the entire circuit. If the capacitor 
has negligible losses, the circuit Q becomes 
equivalent to the Q of the coil. The circuit Q 
may be maintained satisfactorily high by keeping 
the circuit resistance to a minimum. 

In figure 4- 5, A, the voltage across L is 

EL= Kl = ^| L = QE, 

E *L 
where I =-=- and Q =-=-. 

The Q of the circuit is the ratio of the volt- 
age across either the inductor or capacitor to 
that across the effective series resistance. In 
other words, the voltage gain of the series- 
resonant circuit depends on the circuit Q— that 
is 

vr fL ixl xl Kc xc 

E IR R IR R 



Figure 4-7 shows the relation between the 
effective current and frequency in the vicinity 
of resonance for a series circuit containing a 
1 59- j*h coil, a 1 59- wd capacitor, and an ef- 
fective series resistance of either 10 ohms, 
or 20 ohms. 
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faCCJCNCV IN KILOCYCLES 

Figure 4-7. — Resonance curves of a series 
L-C-R circuit. 

The resonant frequency, f 0 , is 



° 2*vTc 

f ° = 6.28vl 59x10-6x1 59x10^ 

= lxlO 6 cycles or 1000 kc. 

The reactances and impedance at resonance 
may likewise be determined. Thus, 

Xl 0 = 2/rfL = 6.28xl0 6 xl59xl0- 6 

= 1,000 +90° ohms 

where Xl g is the inductive reactance at res- 
onance. The +90° angle indicates that the IXl q 

and Xl 0 vectors are plotted vertically upward 
because the current vector is horizontal and ex- 
tends to the right. The current vector thus lags 
the voltage IXl across the coil by 90° (counter- 
clockwise rotation is positive, figure 4-7). 

Y _J_ _ 1 

A Co 2*fC 6.28x106x159x10-12 

= 1,000^.-90° ohms 

where Xc 0 * s ^ e capacitive reactance at res- 
onance. The -90° angle indicates that the vec- 



tors Xc 0 and IXc 0 are plotted vertically down- 
ward because the current vector is the 
horizontal reference vector extending to the 
right and leads the voltage drop, EXcoi across 
the capacitor by 90° (fig. 4-7). Note that current 
is a common factor to both voltage and imped- 
ance vectors. 

When R - 10 ohms, 

Z 0 = R + jX L - jX c = 10 4- jl,000- jl,000 

= 10^0° ohms. 

If the applied voltage is assumed to be 10 
millivolts (mv) at a frequency of 1000 kc, the 
circuit current is 

1=1=-^= 0.001, or 1 ma. 

At the resonant frequency, the voltage across 
the inductor is 

E L = IX L = 0.001 x 1,000 = 1 v, 

and the voltage across the capacitor is the same, 
except it is 180' out of phase with the voltage 
across the coil. The losses in the coil and capac- 
itor are assumed to be lumped in the effective 
series resistance. The circuit Q is 

The voltage gain at resonance is 

E^J^Lo , 0.001 x 1000 ^ 1.00 _ Q0 
E IR 0.001 x 10 0.01 3 

The resonance curves of current vs fre- 
quency are symmetrical about a vertical line 
extending through the points of maximum cur- 
rent and resonant frequency (fig. 4-7). This 
symmetry is the result of an equality of the 
quantity Xc-Xl below resonance a given amount 
and the quantity Xl-Xq above resonance by the 
same amount. The amount of deviation may be 
expressed in terms of the circuit Q and the 
resonant frequency as demonstrated in the fol- 
lowing discussion. 

The shape of the resonance curve may be 
approximated in the vicinity of resonance by 
applying the following rules that can be derived 
from the resonant circuit equations. (The der- 
ivation is not given here because of its length.) 
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U If the frequency of the applied voltage is 

decreased by an amount times the resonant 

frequency, f 0 , the current in the tuned circuit 
decreases to 0,707 of its value at the resonant 
frequency and leads the applied voltage by 45°. 
Thus, the input frequency is decreased an amount 
equal to 

4 xf ° = 2^Too xl ' 000 = 5 kc ' 

and the new frequency is therefore 995 kc. At 
a frequency of 995 kc, 

X L = 2ntL = 6.28x0.995xl0 6 xl 59xl0- 6 
= 995^+90° ohms, 

and 

Xn 1_ _ 1 

L 2/rfC 6.28x0.995x106x159x10-12 

= 1,005<l-90 o ohms. 
The circuit impedance at 995 kc is 
Z= 10+j995-jl,005 = 10-jl0 = 14.14^45° ohms. 
The circuit current at 995 kc is 

I =^7 = ?T^T = 0.000707, or 0.707 ma. 
Z 14.41 9 

At this frequency, the voltage across the coil, 
or the capacitor, is reduced to approximately 
70 percent of its value at resonance because 
the current is reduced to this amount, and the 
reactance change is very small. The voltage 
across the coil is 

E L - IX L - 0.707x995 = 705 mv. 

2. If the frequency of the applied voltage is 

decreased by an amount ^ times the resonant 

frequency, the current decreases to 0.447 of its 
value at resonance and leads the applied voltage 
by 63.4° . Thus, in the example of figure 4-4 

k xt ° = TM X u000 = 10 kc ' 
and 1,000-10^990 kc. 

The inductive reactance at 990 kc is 
Xl " 2*fL = 6.28x0.990xl0 6 xl59xl0- 6 
= 990^+90° ohms, 



and the capacitive reactance is 

_ _L_ l 

C 2 rrfC 6.28x0.990x106x1 59xl0" 12 

= 1,010^.-90° ohms. 

The impedance of the series circuit at 990 kc 
is 

Z = R+jX L -jX c - 10fj990-jl,010 
= 10-j20 22.4^-63.4° ohms. 
At this frequency the circuit current is 

I = -| = TfiY* 0.000447, or 0.447 ma, 

and the voltage across the coil is 

El = IXl = 0.447x990 =444 mv. 

Corresponding increases in the frequency of 
the applied voltage above the resonant frequency 
will produce the same reductions in circuit 
current and voltage across the reactive portions 
of the circuit. In this case, however, the circuit 
current lags the applied voltage instead of leading 
it. Thus, the resonance curve is symmetrical 
about the resonant frequency in the vicinity of 
resonance. 

Influence of Q on Voltage Gain 

If the circuit resistance is increased to 20 
ohms, the Q is reduced to 50 and the resonance 
curve is flattened, as shown by the lower curve 
in figure 4-7. The series-resonant circuit 
amplifies the applied voltage at the resonant 
frequency. If the circuit losses are low the 
circuit Q will be high and the voltage ampli- 
fication relatively large. For resonant circuits 
involving iron-core coils the Q may range from 
20 to 100; for silver-plated resonant cavities at 
very high frequencies, the Q may range as high 
as 30,000. In practice, because nearly all of the 
resistance of a circuit is in the coil, the ratio 
of the inductive reactance to the resistance is 
especially important. The higher the Q of the 
coil, the better is the coil and the more ef- 
fective is the series-resonant circuit that uti- 
lizes it. 

Reduction in Voltage across C and 
L near Resonance 

If the circuit Q is low, the amplification at 
resonance is relatively small and the circuit 
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does not discriminate sharply between the 
resonant frequency and the frequencies on either 
side of resonance, as is shown by the lower 
curve in figure 4-7. The range of frequencies 
included between the two frequencies at which 
the current drops to 70 percent of its value at 
resonance is called the bandwidth for 70-percent 
response, A measure of the bandwidth for 70- 
*o 

percent response is—. If the circuit Q is 100, 
the bandwidth for 70-percent response is 



100 



Thus, if the frequency of the applied voltage 
is reduced from 1,000 kc to 995 kcor increased 
to 1,005 kc, the circuit current is reduced to 
70 percent of its value at resonance. Likewise, 
the voltage across L or C is reduced to ap- 
proximately 70 percent of its value at reson- 
ance. For the lower curve, representing a 
circuit having a Q of 50, the bandwidth is 
20 kc. 



APPLICATIONS OF SERIES-RESONANT 
CIRCUITS 

Series- resonant circuits are used largely as 
filters (to be treated later in this chapter) for 
audio and radio frequencies. With proportion- 
ately larger componet values the series circuit 
may be used as a power-supply filter. For 
example, assume that a d-c generator has a 
ripple frequency of 500 cps. A series-resonant 
circuit tuned to 500 cps maybe connected across 
the terminals of the generator and thus ef- 
fectively short-circuit the ripple voltage. The 
coil and capacitor insulation must be able to 
withstand the relatively higha-c voltages caused 
by the series-resonant action. 

The series-tuned circuit may also be used to 
give an indication of frequency if the capacitor 
is calibrated for the appropriate frequency range. 
The capacitor and the inductor are connected 
in series with a current-indicating device across 
the source of the unknown frequency. At reso- 
nance the current, as indicatedby the device, will 
be a maximum. 



PARALLEL RESONANCE 

PARALLEL-RESONANT CIRCUIT 

A parallel circuit containing no losses has 
capacitance C in one branch and inductance L 
in the other (fig. 4-8,A). The current, Ii, in 
the capacitive branch leads the voltage, E, by 
90°, and the current, I2, in the inductive branch 
lags E by 90° (fig. 4-8,B). At resonance, Ii=l2, 
and the vector sum of these currents is equal 
to the line current, I3. Since 1^ is 180° out of 
phase with I2, the vector sum of Ij and I2 is zero, 
and the line current, I3, is negligible. 

A mechanical analogy for the two-branch 
parallel resonant circuit is illustrated in figure 
4-8,C. The wheel has inertia (like inductajice) 
and the spring is elastic (like capacitance). 
Above resonance the spring moves back and 
forth (large capacitive current) while the wheel 
moves hardly at all (low inductive current). 
At resonance both the wheel and the spring move 
through a wide range (large tank current) while 
the input moves only a little (small line current). 
Below resonance the wheel moves back and forth 
(large inductive current) while the spring re- 
mains almost stationary (low capacitive current). 

A parallel- resonant circuit with losses con- 
sists of a combination of inductance, resistance, 
and capacitance in two parallel branches (fig. 
4-9,A). Because the losses of the circuit are 
generally associated with the inductor (wire), 
this branch includes a series resistor, R, in 
which all the losses are lumped. The other 
branch consists of a capacitor having negligible 
loss. At resonance, the same interchange of 
energy occurs between the capacitor and the 
inductor that occurs in the series- resonant 
circuit. The circuit impedance vs frequency 
is shown in figure 4-9, B, and the vector diagram 
is shown in figure 4-9, C. 

CONDITIONS REQUIRED 
FOR PARALLEL RESONANCE 

At resonance the current Ij f in the capac- 
itive branch (fig. 4-8) is equal to the 
current, I2, in the inductive branch. These 
currents are nonenergy currents; they are 90" 
out of phase with the applied voltage (one leads 
90° and the other lags 90°), and they flow in 
circuits where the true power is zero, and the 
reactive power is periodically exchanged be- 
tween the branches. 
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PARALLEL CIRCUIT D VECTORS 




In the inductive branch containing losses 
(fig. 4-9) the current may be thought of as 
being made up of two components -one in phase 
with the applied voltage (an energy component) 
and the other lagging the voltage 90° (a non- 
energy component). In this circuit, at reso- 
nance, the nonenergy component of the current 
is equal to the nonenergy current, Ij, in the 
capacitive branch. The vector sum of these 
two currents is zero because they are equal in 
magnitude and 180° out of phase. The line cur- 
rent, If, represents the relatively small value 
of energy current that flows in the inductive 
branch (fig. 4-9, C). Thus, the parallel- resonant 
circuit has a high input impedance, and the line 
current is in phase with the applied voltage, 
which is the condition of unity power factor. 




ABOVE RESONANCE 



7^- 




RESONANCE 




BELOW RESONANCE 



PARALLEL RESONANT ANALOGY 



20.67 



Figure 4-8. — Parallel resonance and 
mechanical analogy. 




.1 



20.68 



Figure 4-9. — Parallel resonance. 

FORMULAS FOR f AND Z 
o o 

For all practical purposes the resonant 
frequency of a parallel circuit having a Q of 
10 or higher may be expressed as 



f = 
o 



2*VLC 

where fo is in cycles, L is in henrys, and C 
is in farads. This is the same as the formula 
for the series- resonant circuit, because here 
too there is an (approximate) equality between the 
inductive and capacitive reactances. 
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The parallel circuit is resonant when the non- 
energy components of the currents in the two 
branches are equal, and the power factor of the 
circuit is unity. In the zero loss capacitive 
branch the impedance is equal to Xc, and the 
capacitive current is ^;- 

In the inductive branch the impedance is ap- 
proximately equal to Xl if the losses are low 
and the Q of the coil is 10 or higher. In this 
case, the nonenergy components of the coil 
current is almost equal to the total coil cur- 
rent. Thus, at resonance 



Note that 



l l ~ X COIL NONEN 



and 



from which 



E 
X. 



X, 



X L = V 



If Q is less than 10, ZcoiL is greater than Xl 
and the total coil current is greater than the 
nonenergy component of the coil current. In 
this case Xl does not equal Xq at the frequency 
for which the line current is minimum and the 
combined impedance is maximum. However, 
for most cases Q (which is equal to tan 8 ) is 
more than 10, and the above approximation is 
adequate. 

The combined impedance, Zq, at resonance 
for the two-branch parallel circuit is equal to 
the product of the individual branch impedances 
divided by their sum. This calculation is similar 
to that for the combined resistance of two re- 
sistors in parallel, except that impedance vec- 
tor products are substituted for the product of 
the resistors, and impedance vector sums are 
substituted for the resistor sums. The symbol 
for vector summation ise . Vector products and 
sums are described earlier in this chapter. 



z . ^ 

0 ZgSZj 



(4-5) 



In figure 4-9, A, the following approximations are 
made: 



1 



-jX c , Z r -R.jX L ^X L , X L= X C 



and 



z 1 z 2 =(-jx c ) (ix L )=x c x L . 



(4-6) 



Substituting (4-6) in (4-5), 

* C X L 

V R^jX. -jX, 



l 



X C~ 2nfC 



and X = 2/rfL. (4-8) 
Li 




Substituting (4-8) in (4-7) and simplifying, 
1 2 nth 

(4-9) 

Thus, the ^ ratio (R being constant) is a 

factor that determined the magnitude of the im- 
pedance of the parallel circuit at the resonant 
frequency. The impedance- frequency curves 
(fig. 4-9,B) for a parallel circuit have the same 
shape as the current-frequency curves for a 
series circuit. Note that the impedance across 
the terminals of the parallel circuit is maximum 
at resonance, whereas it is minimum for the 
series circuit. As in the series circuit, the 
resonance curves are sharper when the internal 
resistances are smaller, and the Q's are higher. 

For example, the two-branch parallel-tuned 
circuit (fig. 4-9, A) has a capacitor of 159 wii 
with negligible losses in parallel with a 159-^h 
coil having an effective resistance of 10 ohms. 
The resonant frequency is 



f = 

o 



2tn/LC 



6.287l59xl0~ 6 xl59xl0~ 12 



= 10 cycles, or 1000 kc. 
The impedance at resonance is 
L 159xl0~ 6 



Z = 



Y2 = 100,000 ohms. 



CR 159x10 xlO 



The coil reactance at the resonant frequency is 

X L =2f7fL=6.28xl0 6 xl59xl0" 6 sl,000 ohms. 
The coil Q is 



R 



1 



- .oo. 



Thus, as the parallel circuit strikes res- 
onance, there is a rise in the combined imped- 
ance equal to Q times the coil reactance. The 
lower the coil resistance, the higher will be 
the coil Q and the combined impedance at the 
resonant frequency. The vector diagram for 
this example is shown at the left in figure 4-9, C. 
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In the mechanical analogy for the parallel 
resonant circuit (fig. 4-8, C) the Q of the system 
is the ratio of the amplitude of motion of pivot 
P2 to that of pivot P. This ratio corresponds 
to the ratio of the current in the coil to the 
current in the line. If the losses are high the 
line current will be relatively large, and the 
circuit Q will be low. Thus, if the flywheel 
rolls on a soft surface, the input will have 
to increase to maintain the same movement 
of the flywheel as would occur if it rolls on 
a hard flat surface. The lower the losses in 
the parallel resonant circuit, the higher will 
be the ratio of coil current to line current, 
and the sharper will be the rise in the im- 
pedance as resonance is approached. 



In this example, the frequency deviation is 

f 

_o or 1,000 _ 5 kc. When the frequency is de- 
2Q 2x100 f 

viated, an amount equal to-r— the impedance falls 

to 70 percent of its value at resonance, and the 
phase angle increases from 0° to 45° . Above 
resonance, the angle is negative; below resonance 
it is positive. In other words, above the reso- 
nant frequency, the circuit acts like capacitance 
in series with resistance; below resonance it 
acts like inductance in series with resistance. 

A summary of the characteristics of series 
and parallel resonant circuits is given in table 
4-2. 



PARALLEL IMPEDANCE 
NEAR RESONANCE 

The parallel impedance, Zt, of a parallel 
circuit at any frequency is 



V 



Z 1 Z 2 



Z 1® Z 2 



where Zi is the impedance of one branch and 
Z2 is the impedance of the other branch. 

Below resonance— for example, at 995 ke- 
ttle impedance of branch 1 is 



1 



1 



2*fC 6.28x995xl0 3 xl59xl0" 12 
= 1,005^-90°, 
and the impedance of branch 2 is 

R+j2*fL=10+j6.28x995xl0 3 xl59xl0" 6 
=: 10+j995, or 995^+90°. 
The parallel impedance is 

(l,005^-90°)(995 +90°) 
Z t " 0-jl,005+10+j995 

1,000,000^0° 

10-jl0 
1,000,000^0° 
14.14^-45° 
- 70,700^+45°. 



LOADING THE PARALLEL-RESONANT 
CIRCUIT 

Increasing the resistance (from 10 to 20 
ohms) in series with the coil lowers the coil Q 
from 100 to 50. Since there are negligible losses 
in the capacitor the circuit Q is halved and the 
total impedance of the parallel circuit at the 
resonant frequency is (from equation 4-9) 

L 159xl0" 6 



CR, 



159xl0" 12 x20 



= 1,000,000 
20 



50,000 ohms. 



Thus, the parallel impedance at resonance 
varies inversely with the resistance in the coil 
branch. This series resistance may represent 
the load on the parallel circuit. Hence, an 
increase in series resistance in the coil circuit 
may represent an increased load and a decrease 
in the total impedance of the parallel circuit. 
The vector diagram for this example is shown 
at the right in figure 4-9, C. 

The Q of a parallel-tuned circuit at reso- 
nance may be defined as the ratio of either 
the current in the capacitive or inductive 
branch, l\ or 12 to the line current If, or 
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Table 4-2.— Characteristics of Series and Parallel Resonant Circuits. 



Quantity 


Series Circuit 


Parallel Circuit 


At resonance: 

Keaciance l-^T ~^C' 


Zero; because X^=Xq 


Zero; because nonenergy cur- 

i*ant c t «q A/1tl9l 

rents are e<4Ucii 


Resonant frequency 


1 


1 




2t7\/LC 


2ny/LC 


Impedance 


Minimum; Z=R 


Maximum; L 
= CR 


*LINE 


. — — 

Maximum value 


Minimum value 


*L 


X LINE 


ONLINE 


l C 


! LINE 


QxI LINE 


E L 


Q xE LINE 


E LINE 


E C 


^^LINE 


E LINE 


Phase angle between 
E LINE and X LINE 


0° 


0° 


Angle between and 


180° 


0° 


Angle between 1]^ and Iq 


0° 


180° 


Desired value of Q 


10 or more 


10 or more 


jjcsirea vaiue 01 rv. 


Low 


Low 


Highest selectivity 


High Q, low R, high L 
C 


High Q, low R 


When f is greater than f Q : 

IXCdL IdllL C 


Inductive 


Capacitive 


Phase angle between 
It tmf anc ^ Ei tme 


Lagging current 


Leading current 


When f is less than f Q : 
Reactance 


Capacitive 


Inductive 


Phase angle between 
*LINE E LINE 


Leading current 


Lagging current 
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When a load is inductively coupled to the 
tuned circuit, the load, in effect, adds resistance 
within the tuned circuit. This action is de- 
scribed later in the section on coupled circuits. 
The impedance of the circuit is thereby reduced, 
and the line current is increased, thus lowering 
the circuit, If a load is connected in shunt 
with the tuned circuit, the line current is in- 
creased and the circuit Q is lowered. 

As long as the circuit Q is maintained above 
10, the increased load that the increased series 
resistance represents does not materially af- 
fect the phase angle between line current and 
line voltage and does not change resonant re- 
quency. For values of Q above 10, 0 COIL varies 
only slightly. Thus, when Q varies from 10 to 
infinity, tan 6 varies from 10 to infinity, and 
0COIL varies from 84.3° to 90° or 5.7°. For 
values of Q below 10, 0COIL varies widely. 
Thus, as Q varies from 10 to 0, tan 0COIL 
varies from 10 to 0, and 0COIL varies from 
84.3° to 0°. This wide variation makes an 
appreciable difference in the phase angle be- 
tween line current and voltage, and lowers the 
resonant frequency. 

The increase in line current shown at the 
right in figure 4-9,C, as a result of the increase 
in resistance of the coil branch from 10 ohms 
to 20 ohms, is the result of the slight decrease 
in phase angle d for the coil and the correspond- 
ing slight shift in the phase angle between the 
counter emf of the coil and the applied voltage. 

The parallel- resonant circuit is often called 
a TANK CIRCUIT because it acts like a storage 
tank when used in some electron-tube circuits. 
The inertia effect of the inductor gives the tank 
a FLYWHEEL effect that permits the alternating 
current to build up in the tank. The relatively 
large current in the tank is equal to the circuit 
Q times the line current; the amplification of 
current is like the gain in momentum of a 
flywheel as it is being accelerated. The high 
input impedance of the parallel- resonant circuit 
is the result of the relatively large inductive emf 
of the inductor and the capacitive emf of the 
capacitor, both in approximate phase opposition 
with respect to the source voltage (fig. 4-9, C). 

The parallel circuit is frequency sensitive 
to a varying degree, depending on the Q of the 
circuit. In other words, the change in impedance 
with a change in frequency is more pronounced 
in a high Q parallel circuit than in a low Q 
circuit. Below resonance, the lower impedance 



of the inductive branch causes the line current 
to increase and to lag the applied voltage. Con- 
versely, above resonance the lowered impedance 
of the capacitive branch causes the line current 
to again increase and to lead the applied voltage. 
At resonance, the impedance is high and resis- 
tive. Generally the tank circuit is supplied by a 
relatively high- impedance source compared with 
series-resonant circuit sources. As the fre- 
quency of the source voltage is varied from 
below to above the resonant frequency, the 
voltage rises across the tank at the resonant 
frequency, and the line current falls as the 
tank current rises. The rise in voltage across 
the tank as resonance is approached is due to 
the decrease in line current and internal volt- 
age loss of the source. 

Frequently the tank circuit is used to couple 
energy into a load by utilizing the inductor as 
the primary of a transformer with the secondary 
connected to the load. When the secondary is 
tuned to the resonant frequency of the tank, the 
secondary current becomes a maximum. The 
field of the secondary current cuts the primary 
inductor and induces a counter emf in that coil. 
As mentioned previously, this action is equiv- 
alent to adding effective resistance in series 
with the inductive branch. Thus, couplingaload 
to the tank through mutual inductance lowers the 
parallel impedance and increases the line cur- 
rent. Coupling the load in this manner tends to 
slightly detune the tank so that it is generally 
necessary to return by adjusting the capacitor. 
Loading the tank lowers the circuit Q, the paral- 
lel impedance, the tank current, and the voltage 
across the tank. At the same time the line 
current is increased. 

APPLICATIONS OF 
PARALLEL-RESONANT CIRCUITS 

The parallel-resonant circuit is one of the 
most important circuits used in electronic 
transmitters, receivers, and frequency- 
measuring equipment. 

The i-f transformers of radio and television 
receivers employ parallel-tuned circuits. These 
are transformers used at the input and output 
of each intermediate frequency amplifier stage 
for coupling purposes and to provide selectivity. 
They are enclosed in a shield can provided with 
openings at the top through which screwdriver 
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adjustments may be made when the set is being 
aligned. 

Parallel-tuned circuits are also used in the 
driver and power stages of transmitters, as 
well as in the oscillator stages of transmitters, 
receivers, and frequency-measuring equipment. 

Various types of filter circuits employ 
parallel-tuned circuits as well as series-tuned 
circuits. 



TUNED CIRCUITS AS FILTERS 

Tuned circuits are employed as filters for the 
passage or rejection of specific frequencies. 
Band-pass filters and band- rejection filters are 
examples of this type. Tuned circuits have 
certain characteristics that make them ideal for 
certain types of filters, especially where high 
selectivity is desired. A series-tuned circuit 
offers a low impedance to currents of the 
particular frequency to which it is tuned and a 
relatively high impedance to currents of all 
other frequencies. A parallel- tuned circuit, 
on the other hand, offers a very high im- 
pedance to currents of its natural, or resonant, 
frequency and a relatively low impedance to 
others. 

BAND-PASS FILTERS 

A band-pass filter is designed to pass cur- 
rents of frequencies within a continuous band, 
limited by an upper and lower cutoff frequency, 
and substantially to reduce, or attenuate, all 
frequencies above and below that band. A 
filter is shown in figure 



simple band-pass 
4-10,A. 

The curves of 
shown in figure 4 



current vs frequency are 
10, B. The high Q circuit 
gives a steeper current curve; the low Q circuit 
gives a much flatter current curve. 

The series-and parallel-tuned circuits are 
tuned to the center frequency of the band to 
be passed by the filter. The parallel-tuned 
circuit offers a high impedance to the fre- 
quencies within this band, while the series- 
tuned circuit offers very little impedance. 
Thus, the desired frequencies within the band 
will travel on to the load without being af- 
fected; but the currents of unwanted frequencies— 
that is, frequencies outside the desired band 
will meet with a high series impedance and a 
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Figure 4-10. — Band-pass filter. 

low shunt impedance so that they are in a greatly 
attenuated form at the load. 

There are many circuit arrangements for both 
band-pass and band-elimination filters. How- 
ever, for the purpose of a brief analysis the 
band-pass circuit shown in figure 4-10 will be 
considered. Let it be assumed that a band 
of frequencies extending from 90 to 100 kc 
is to be passed by the filter. For an input 
and output resistance of 10,000 ohms, the 
values of inductance and capacitance are as 
indicated in the figure. The formulas by which 
these values are obtained may be found in 
handbooks on the subject. 

The resonant frequency of the series circuit, 
L1C1, is 

1 

f = 
o 



2rr>/LC 



° 6.28Vo.318x8.884xlO~ 12 



0.1 59x10* 6 159,000 



VX81 



1.68 



= 95,000 cps, 



Chapter 4— TUNED CIRCUITS 



and for the parallel circuit, L2C2, is 
0,159 

f -7 * y = 95,000 cps. 

V3,180xl0~ A x8.8xl0"* 

Thus, both circuits are resonant at the center 
frequency of the band-pass filter; the upper 
limit of which is 100 kc and the lower limit 
90 kc. 

At resonance the impedances of LI and CI 
cancel and maximum current flows through the 
load, Rl; also, the parallel circuit, C2L2, offers 
almost infinite impedance and maybe considered 
an open circuit. The inherent resistances as- 
sociated with the filter components are neglected. 
Thus, at resonance, with an assumed source 
voltage of 200 volts and a total impedance of 
20,000 ohms (10,000 ohms at the source and 
10,000 ohms at the load) the current through the 
load is approximately 



200 



I = 



= 0.01 a, or 10 ma. 



R 20,000 

Below resonance— for example, at 90 kc-the 
impedances of LI CI and C2L2 are such that 
with the assumed source voltage of 200 volts 
only about 4 milliamperes flow through the load. 
The calculations are as follows: 



at 90 kc: 



X. , = 2 TrfL= 6.28x90x10 x0.318 
Ll 1 

= 180,000 ohms 
1 10 12 



CI 2rrfC 1 6.28x90xl0 3 x8.884 
= 200,000 ohms 

X C1" X L1 = l 20 ' 000 ohms 

X L2 = 2rrfL 2 =6.28x9Oxl0 3 x0.88xl0- 3 
= 497 ohms^90° 

1 10 12 



02 2 rr f C 2 6. 28x90x 1 0 3 x3 1 80 
= 556 ohms^-90° 



The impedance offered to the flow of cur- 
rent entering and leaving terminals AB is equal 



to the product of L2C2 impedances divided by 
their sum. 



X L2 X C2 (497^.90° )(556^-9(F ) 



AB 



+ i X L2"i X C2 



-j497-j556 



- ( 497x556) ^ = 470CK90° ohms. 
59^-90° 



The parallel impedance, Z AB34 , of RloaD 
and Z^g is equal to their product divided by 
their sum. 



J AB34 



Z AB R L 



R L +Z AB 



(4700^90° )(10,000^0° ) 
10,000+ J4700 



(4700x10,000)^90° = 

11080^25.4° 4Z40^64.b 

1830+j3830 ohms. 



The total impedance Zt of the circuit is equal 
to the vector sum of Rg, Xlj, XQj,and Z A B34. 



Z. = 



10,000+jl80,000-j200,000+1830+j3830 
ll,830-jl6,170 
20,000^.-53.7° ohms 
E 



g 



200 



0.010 a 



Z t 20,000 
E 34 = r t Z AB34 



0.010x4246 
42.4 v 

E, 



AB34 



I 



LOAD R 



LOAD 

42,4 
10,000 



0.00424 a or 4.24 ma. 
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Further below resonance the current through 
the load is even less; and at 75 kc the load cur- 
rent drops to approximately 0.0024 milliampers. 

The same relative decrease in current occurs 
through the load with a corresponding increase 
in frequency. Figure 4-10,B, is a graph of the 
load current vs frequency characteristic of the 
filter shown in figure 4-10,A. 

The current through the 10 k-ohm load (fig. 
4- 10, A) for an arbitrarily chosen frequency of 
92.5 kc may be determined as follows: 



V 



(4-10) 



where II is the current through the load, 
Eg 4 is the voltage across the load, and Rl is 
the load resistance. 



'3,4 



! t Z AB34 



(4-11) 



where It is the total current supplied by the 
generator andZAB34is the combined impedance 
of the parallel circuit, C2L2, and the load, R L . 



g 



I 



t 



(4-12) 



where Eg is the voltage of the generator, and 
Zt is the total impedance of the circuit. 

Zt may be determined by solving for the 
parallel impedance of C2 and L2, combining it 
with Rl, and then combining this impedance 
( z 3,4) with the impedance of CI, LI, and Rg. 
First the parallel impedance, Zab, of C2 and 
L2 is equal to their product divided by their 
sum. At 92.5 kc 

X L2 = 2nfL 2 =6.28x92.5xl0 3 x0.88xl0~ 3 

= 510 l 90° ohms 

1 10*2 



Z 



C2 6.28fC 2 6.28x92. 5xl0 3 x3180 
3 54U-90 0 ohms 

_ ( X L2)( X C2) (510^90 )(54R-90°) 



AB ^ X L2^ X C2 
= (510x541)^.0^ 



^510-j541 



8,900^- 90' 



The parallel impedance. Z AB3 ^ of Z AB and 
RL is equal to their product divided by their 



sum. 



Z AB R L (8,900^90°)(10,000^0°) 



"AB34 



R L 0 Z AB 10,000^j8,900 



(8,900x10,000)^ 90° 
13,370<l 41.7° 

= 6,670^+48,3*= 4,450+j4,980 

The total impedance, Zt, of the circuit is 
equal to the vector sum of R g , X L1> X C1 , and 
ZAB34. 

At 92,5 kc 

X. 1 - 2r7fL=6.28x92.5xl0 3 x0.318= 185,000 
LI 1 



ohms, and 



1012 



C1 " §.2%xlC l 6.28x92.5x10 x8.884 

= 194,000 ohms. 
Z t = 10,000+jl85,000-jl94,000+4,450+j4,980 
= 4,450 + j4,980+10,000-j9,000 
= 14,450-j4,020. 



Expressed in the polar form, 

Z t = 15,000^-15.6°. 

From equation (4-12), the total circuit current 
is 



I=-l = -^°- 0.01335 a; 
t Z x 15,000 

from equation (4-11), the voltage across the 
load is 

E 3 4 = J t Z AB34 = 0 - 01335x6 > 670 = 89 - 0 v : 
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and from equation (4-10), the load current 
is 

F 

9 4 QQ 

I_ = — ill = = 0.0089 amperes or 8.9 ma. 

L R L 10,000 

BAND-ELIMINATION FILTERS 

A band-elimination filter (or band- 
suppression filter) is designed to suppress cur- 
rent of all frequencies within a continuous band, 
limited by the lower and upper cut-off fre- 
quencies, and to pass all frequencies below or 
above that band. A simple band- suppression 
filter is shown in figure 4- 11, A. This type of 
filter is just the opposite of the band-pass fil- 
ter; currents of frequencies within the band 
are greatly attenuated or weakened. Theseries- 
and parallel-tuned circuits are tuned to the 
center of the band to be eliminated. The 
parallel-tuned circuit in series with the source 
offers a high impedance to this band of fre- 
quencies, and the series-tuned circuit in shunt 
with the load offers very low impedance; there- 



fore, the signals within the elimination band are 
both blocked and diverted from the load. All 
other currents— that is, currents at all fre- 
quencies outside the band-pass through the 
parallel circuit with very little opposition are 
unaffected by the series-tuned circuit since 
it acts as an open circuit at these frequen- 
cies. 

Thus, for all frequencies outside the stop 
band the total circuit impedance is the sum of 
RL and Rg or 20 k ohms (approximately). The 
total current is 

E 200 
1 = FTr! = 20^00 = °- 010 a ° r 10 ma - 

The voltage across the load is 

m L =o.oiOxio,ooo=ioo v, 

and the load current is 

I= R7 = ro^ = 0 - 010aor 10 ma * 

L 



r Lr' Q.opj 77h 




f ( f Q f 2 KILOCYCLES 



(B) LOAD CURRENT VS FREQUENCY 

20.69 



Figure 4-11.— Band-elimination filter. 
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Assume that a band of frequencies extending 
from 90 kc to 100 kc is to be suppressed by the 
filter. For an input and output resistance of 
10,000 ohms, the values of inductance and capaci- 
tance are as indicated in the figure. The for- 
mulas by which these values are determined may 
be found in radio engineering handbooks. 

In the example of figure 4-11 the following 
handbook formulas are used to find the magnitude 
of LI, L2, CI, and C2. 



R(277f2-2rrfi) 
L l~ (2*fl) (2*f 2 ) 



henry 



(4-13) 



C« = 



1012 



1 R(2fff2-2irfl) 



micromicrofarad (4-14) 



2 2fff2-2 ff fi 

(2irf2-2fffi)10 12 



henry 



(4-15) 



2 (2rrf 1 )(2^f 2 )R 



micromicrofarad (4-16) 



Substituting the following values in 4-13 
through 4-16, 

f. = lOxlO 4 cps 



f = 9x10 cps 



R = R = R T =10 ohms 
g L 



L. = 



10 (2ff)(10xl0 4 -9xl0 4 ) 
1 (2ir)(2 7r)(10xl0 4 x9xl0 4 ) 

12 



= 0.00177 h 



C, = 



10 



1 10 4 (2ff)(10xl0 4 -9xl0 4 ) 



— = 1,590 w f 



10 



2 2*(10xl0 4 -9xl0 4 ) 



0.1593 h 



2»r(10xl0 4 -9xl0 4 )10 

2 2fix2»rxl0xl0 4 x9xl0 4 xl0 4 



17.7 w f 



At resonance (95 kc) the parallel circuit, 
L1C1, offers maximum impedance and may be 
considered as almost an open circuit. At the 
same frequency the series circuit, L2C2, in 
effect short-circuits the load, so that minimum 
current will flow through the load at the reso- 
nant frequency. As in the case of the band-pass 
circuit, the inherent series resistance of the two 
tuned circuits is small and can be neglected. 
The calculations for the magnitude of the load 
current at 96 kc are given in the following 
paragraphs: 



f - 95 kc or 95x10 cps 
o 



LI = 0.00177h or 1.77x10 h 

X T , ■ 2fff L.=6.28x95xl0 3 xl.77xl0" 3 
LI o 1 



= 1,058 ohms 



,-12 



CI = 1,593 nnf or 1,593x10 farad 

>12 



1 



10 



cl 2»rf C, 6.28x95xl0 3 xl,593 
o 1 ' 

= 1,050 ohms 

L2 = 0.1593h or 159.3xl0 _3 h 

X T = 2irf L =6.28x95xl0 3 xl59.3xl0" 3 
L2 o 2 

= 95,000 ohms 
C2 = 17.7 mil or I7.7xl0" 12 farad 

,12 



1 



10 



c2 2irf C 0 6.28x95xl0 3 xl7.7 
= 94,700 ohms 



The parallel impedance, Zia, of L1C1 is 
equal to the vector product divided by the vector 
sum of the impedance of the two branches. 

X L1 X C1 (1058^90 °)(l,050^-90 f ) 



1A X L1 eX cl * j 1, 058- j 1,050 



These formulas are not derived in this text 
because of their length. 



1,110,000^0° 

- — — - 139,000^-90° ohms. 

8690° 



92 



Chapter 4- TUNED CIRCUITS 



The series impedance Zab of L2C2 is the 
vector sum of the impedance of L2 and C2. 

X L2 = +j95,000 ohms 

X C2 = ^4,700 ohms (slide rule calculations 

are approximate) 

Z AB = X L2 0 x c2 =+395,0OO-j94,700 

= 300^-90° or +j300 ohms. 

The parallel impedance ZAB34 of Zab and 
Rl is their vector product divided by their 
vector sum. 



Z AB R L 



AB34 r> ^ 7 



(300^90° )(10,000^0°) 
10,000+j300 



= 300^.90^ 

The total impedance Zt of the entire circuit 
is equal to the vector sum of Rg, Zia, Zab34- 

Z t =R g ©Z 1A ©Z AB34 

= 10,000+139,000^-90° 300^90° 
= 10,000-jl39,000+j300 
= 10,000-jl38,700 

= 139,000^.-85.8° ohms. 

The phase angles are neglected in the fol- 
lowing calculations in order to simplify the 
results. The total circuit current, It, at 95 kc is 



I. «• 



200 



Z t 139,000 



0.00144 or 1.44 ma. 



The load voltage £34 is equal to the product 
of the total current and the parallel impedance 
ZAB34. Thus, 



E 34 " X t Z AB34 



= 0.00144x300 
= 0.432 v. 



The load current is equal to the load voltage, 
E34, divided by Rl. 



?4 0 41? 

I. =— — = 0.0000432 or 0.0432 ma. 

Lr 



R. 10,000 

Li 



From these calculations it is seen that the 
load current at the center frequency of 95 kc 
is reduced to a small fraction of the normal 
load current of 10 ma outside the band. The 

0.0432 



percent of normal current is — jq— x 100 
0.432 percent. 



Below resonance— for example, at 90 kc-the 
impedances of LI CI and L2C2 are such that with 
an assumed voltage of 200 volts about 8.9 mil- 
liamperes flow through the load, Rl« At 85 kc 
(10 kc below resonance) the current through the 
load is increased to approximately 9.9 mil- 
liamperes. 

The band -suppression characteristic is sym- 
metrical about the resonant frequency, and the 
same relative increase in current with increase 
in frequency may be assumed. Figure 4- 11,B, is 
an indication of the current-frequency charac- 
teristic of the filter shown in figure 4-1 1,A. 
The current flows through the load, Rl. 

The calculations for the load current at fre- 
quencies other than resonance are carried out in 
the same manner as are those for resonance. 
The important points to remember in carrying 
out these calculations are that inductive re- 
actance varies directly with the frequency, and 
capacitive reactance varies inversely with the 
frequency. 

The lower side of the stop band is 90 kc, 
and the upper side is 100 kc. The calculations 
for load current at 90 kc are given in the fol- 
lowing paragraphs: 

3 

fj = 90 kc or 90,000 cycles; = 1.77x10 h; 

C- = 1,593 mii or 1,593x10" 12 farads 

X LJ = 2*f 1 L 1 =6.28x90xl0 3 xl.77xl0~ 3 
= 1,000 ohms 
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10 



12 



cl 2»rf 1 C 1 6.28x90x1 0°xl, 593 
= 1,110 ohms 

L2 = 0.1593h; C2 = 17.7 md or 17.7x10 
farads 

X L2 = 2 ir f j L 2 =6.28x90x1 0 3 x0. 1593 
= 90,000 ohms 

1 10 12 



-12 



c2 ZirfjCg 6.28x90x10 xl 7.7 
= 100,000 ohms. 

The parallel impedance Zj^ of L1C1 at 90 
kc is the vector product divided by the vector 
sum of the impedances of the two branches. 
Thus, 

X L1 X C1 (1,000^90° )(1, 110^-90°) 



1A X L1® X C1 ♦Jl.OOO-Jl.llO 



= (1,000x1,110)^ 10) ooo^9(f (Slide 



110^-90 



calculations are ap- 
proximate.) 



The series impedance, Zab, of L2C2 at 
90 kc is equal to the vector sum of the impedance 
of L2 and C2. Thus, 



The total circuit impedance, Zt, is equal to 
the vector sum of Rg, Z^, and Z^j^. Thus, 

Z t = R g © Z 1A® Z AB34 

= 10,000+jl0,000+5,000-j5,000 
= 15,000+5,000 
■ 15,850^18.4°. 
The total circuit current at 90 kc is 
E 200^0° 



I = — = 

4 Z t 15,850^18.4 



= 0.0126 7-18.4° a. 



The load voltage, E34, is equal to the product 
of the total current and the parallel impedance 
ZAB34- 

E L =I t Z AB34 

= 0.0126x7,070 
= 89.4 

The load current, II, is equal to the load 
voltage divided by Rl. 



89.4 
10,000 



0.00894 a or 8.94 ma. 



Z AB =+ jX L2 -jX c2 =n-j90,000-j 100,000 



= jl0,000 or 10,000^-90° . 

The parallel impedance, Z^B34, 01 Z AB and 
the load, Rl, is equal to their vector product 
divided by their vector sum. Thus, 

Z AB R L (10,000^-90°)(10,000<l0°) 



AB34 R. ©Z a _ 10,000-j 10,000 

Li Ad 



= 10 ^-90° 7,070^-45° 
14,140 -45° 



= 5,000- j 5,000. 



From these calculations it is seen that the 
load current has increased to a value that is 
within a few percent of the normal load current 
of 10 ma that will flow outside the band. The per- 
cent of load current that will flow at 90 kc is 
8 94 

equal to— ^-x 100 or 89.4 percent. 

The current curve is symmetrical about the 
resonant frequency of 95 kc. At 90 kc and 100 kc 
the load current is 8.94 ma, and at 85 kc and 
105 kc the load current is approximately 9.94 ma. 

The Q of the coils and capacitors has the 
same effect on the shape of the current curve of 
the band-stop filter as it has on the band-pass 
filter previously described. Thus, for low Q 
coils and capacitors the curve will not dip as 
far, and the slope of the sides will not be as 
steep as for high Q coils and capacitors. 
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WAVE TRAPS 



INDUCTIVELY COUPLED TUNED CIRCUITS 



Wave traps, sometimes used in the antenna 
circuits of radio receivers, are forms of band- 
elimination filters. The two general types of 
wave traps are the parallel-tuned filter and the 
series-tuned filter. These traps are used to 
prevent interference, for example, from a nearby 
station that is strong enough to be heard over the 
entire frequency band of the receiver. The 
trap reduces the signal strength from the un- 
wanted station so that it will not be heard ex- 
cept when the receiver is tuned to that station. 

The parallel circuit, in series with the 
antenna in figure 4-12,A, is tuned to resonance 
at the frequency of the undesired signal. 

The parallel wave trap presents a high im- 
pedance to currents of this unwanted frequency 
and allows currents of other frequencies to enter 
the receiver with only slight attenuation. 

The series circuit, connected as shown in 
figure 4-12,B, is tuned to resonance at the fre- 
quency of the undesired signal. The impedance 
of the series circuit, C1L1, at resonance is low. 
Hence, these unwanted frequencies will be by- 
passed to ground around the receiver input 
transformer primary, L3. The desired frequen- 
cies will be essentially unaffected because either 
L, or C, act as a high impedance when not in 
resonance. 



x 
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Figure 4-12.— Wave traps. 



When two separate circuits (fig. 4- 13, A) are 
so positioned that energy from one circuit is 
coupled to the other circuit by transformer 
action, they are said to be inductively coupled. 
Mutual inductance is the common property of the 
two circuits that determines for a particular 
frequency and current in one of the circuits 
the amount of mutually induced voltage in the 
other circuit. Mutual inductance may be ex- 
pressed in henries and is designated by the let- 
ter, M. It is described in Basic Electricity, 
NavPers 10086-A. 

The following relation exists between the 
current and induced voltage in an inductively 
coupled circuit (fig. 4- 13, A). 



E =2rrfMI 
s p 



Where E s is the secondary voltage, Ip the pri- 
mary current, M the mutual inductance, and 
f the frequency. This relation is similar to 
that for self-induced voltage Ejnd described in 
Basic Electricity , NavPers 10086-A, as 



E IND =2,fLI 



where Eind is the self induced voltage, I is 
the current, L is the self inductance, and f 
is the frequency. 

Although problems involving inductively 
coupled circuits may be somewhat complex, they 
may be simplified if the following assumptions 
are made: (1) The effect of the presence of 
the coupled secondary on the primary is the 
same as if an impedance, Zq } in figure 4-13,B 
(called the coupled impedance) had been added 
in series with the primary. Zq can be cal- 
culated in terms of the mutual inductance, 
the frequency, and the secondary impedance as 
follows: 

(2»fM) 2 

z n = — z 

c Z s 

Where M is the mutual inductance, Z s (a vector, 
figure 4-13,C) is the impedance of the secondary 
(this formula will be derived shortly). (2) The 
secondary voltage, E s , induced by the primary 
current, Ip, has a value of 2rrfMIp and lags the 
primary current by 90° (fig. 4-13,D). (3) The 
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Figure 4- 13 — Coupled impedance. 



secondary current, Is, is that value of current 
that would flow if the primary were removed 
and the induced secondary voltage were ap- 
plied in series with the secondary coil (fig. 
4- 13, A). The coupled impedance, Zq. is a vec- 
tor quantity. It has the same phase angle as the 
secondary impedance, Z s , but is of opposite 
sign (fig. 4-13,B and C). The total impedance 
Zp T of the primary is the vector sum of the 
primary impedance, Zp, with the secondary 
removed, and the coupled impedance, Zc. Thus, 
Z p ' = Z p e Z c (fig. 4-13,E). 

The coupled impedance is derived from the 
relation that a voltage, Emp, is induced in the 
primary by the secondary current, I s (just as a 
voltage is induced in the secondary by the pri- 
mary current). The ratio of the voltage induced 
in the primary (by the presence of the secondary) 



to the primary current is called the coupled im- 
pedance. Thus, 



7 E MP 

z c = I 



(4-17) 



The mutual voltage induced in the primary by the 
presence of the secondary is equal to the product 
of the secondary current, the mutual inductance, 
the frequency, and 2n. This product is similar 
to that for the self-induced voltage, Ejnd in a 
coil, except that M is substituted for L. Thus, 



2*fMI 



(4-18) 
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Substituting 4-18 in 4-17, 

2»rfMI 

Applying Ohm's law to the secondary, 

E 



(4-19) 



I 



s Z 1 

s 



and substituting 4-20 in 4-19, 

E 



(4-20) 



I 



(4-21) 



The mutually induced secondary voltage is 
equal to the product of the primary current, the 
mutual inductance, the frequency, and 2ir. This 
product is similar to that for the mutually in- 
duced primary voltage due to the presence of the 
secondary, as expressed in equation 4-18, except 
that Emp becomes E s and I s becomes Ip. 
Thus, 



E = 2rrfMI . 
s p 



(4-22) 



Substituting 4-22 in 4-21 and simplifying, 

(2irfM)(2irfMI ) 

Z C = zl 
s p 



(2*fM) 2 



(4-23) 



The primary current, secondary voltage, and 
secondary current (fig. 4- 13) may be determined 
by Ohm's law as applied to a-c circuits. Thus 
the primary current, I p , may be determined as 



I =: 

P 



z e 
p 



(277fM) 2 ' 



where E is the voltage applied to the primary. 
The secondary voltage has been stated as 



2/jfmIp. The secondary current, I s , is deter- 
mined as 



2rrfMI ^+90 



I = 

s 



From the expression for coupled impedance 
(2fffM)^ SQme Q j ^ e characteristics of a coupled 
s 

circuit can be determined. For example, if M 
is large and Z s is small, the coupled impedance 
will be large and the primary current maybe re- 
duced as a result of the increased impedance 
when the coupling occurs. The voltage induced in 
the secondary and the secondary current, will be 
correspondingly affected. If, on the other hand 
M is small and Zs is large, the effect of the 
presence of the secondary on the primary is 
slight and little change occurs in primary cur- 
rent with increased coupling. A special case in 
which the secondary is tuned is of importance 
because it is widely used in r-f voltage ampli- 
fiers in radio receivers. 

UNTU NED-PRIMARY 
TUNED-SECONDARY CIRCUIT 

A simplified untuned-primary tuned- 
secondary circuit is shown in figure 4- 14, A. 

Ordinarily the voltage source connected to 
the primary circuit, has a resistance, Rg acting 
in series with the primary, Lp, and the coupled 
impedance. 

If the coupling is small and the source resis- 
tance is large with respect to the coupled 
impedance (as in the case of some amplifiers), 
the primary current is substantially independent 
of the resonant condition of the secondary. The 
curve of secondary current vs frequency (fig. 
4-14, B) then has the same general shape as that 
of the ordinary series-tuned circuit of figure 
4-7. If a low- resistance source is used in place 
of the high- resistance source the coupled im- 
pedance becomes an appreciable part of the pri- 
mary impedance. At resonance the secondary 
impedance is low and resistive, and the coupled 
impedance causes a dip in primary current. At 
frequencies away from resonance the secondary 
impedance increases, and the coupled impedance 
is less, causing an increase in primary current. 
This increases the voltage induced in the second- 
ary by transformer action at these off- frequency 
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UNTUNED -PRIMARY TUNED -SECONDARY CIRCUIT CURRENT IN SECONDARY 

VS FREQUENCY 

20.72 



Figure 4-14. — Untuned-primary tuned- secondary circuit and response curve. 



points and prevents the secondary current from 
falling off as rapidly as it would if the secondary 
induced voltage were constant. Thus, the curve 
is broader and indicates a lower effective Q for 
the series-tuned circuit than would exist if the 
source resistance were relatively large and the 
primary current and secondary mutually induced 
voltage were independent of the resonant con- 
dition of the secondary. 

The formula of the coupled impedance, which 
is responsible for the shape of the character- 
istic curve of an untuned-secondary circuit, 
is as previously stated. 

(2/rfM) 2 



Coupled impedance * 



(2yrfM) 2 



V j2 " f V j 2r7fC~ 
s 

where Rs is the secondary resistance, + j2rrfLs, 

1 

the secondary inductive reactance, and-j ^ — , 
the secondary capacitive reactance. 

In the vicinity of resonance, (2 rrfM) 2 varies 
only slightly. The denominator represents the 
series impedance of the secondary. The coupled 



impedance formula, 



(2/rfM) 2 



, is similar in form 



to that of the previously derived impedance for- 
mula (4-7) of a parallel resonant circuit, —^j^-. 

s 



Thus, the coupled impedance due to the tuned 
secondary varies with frequency according to 
the same mathematical law as the impedance 
of a parallel circuit varies with frequency. In 
the case of coupled impedance, however, the 
magnitude of the curve depends on the mutual 
inductive reactance, 2rrfM, instead of the in- 
ductive reactance, 2rrfL. 

TUNED-PRIMARY 
TUNED-SECONDARY CIRCUIT 

A simplified tuned-primary tuned-secondary 
circuit and current vs frequency response curves 
are shown in figure 4-15. 

As indicated by the response curves (fig. 
4-15, B and C), this type of circuit has a band- 
pass characteristic that depends in part on 
the coefficient of coupling k and in part on the 
circuit Q's. 

As in the band-pass filter previously de- 
scribed, essentially uniform amplification of 
a relatively narrow band of frequencies may be 
achieved, and amplification of frequencies out- 
side this band may be sharply reduced. 

Because of resistance in the circuit the slope 
of the response curve is not perfectly vertical. 
The circuit cannot completely discriminate 
against frequencies just outside the desired 
channel without also attenuating to some extent 
the frequencies at the upper and lower limits 
of the pass band. However, double-tuned cir- 
cuits approach an ideal band-pass character- 
istic much more closely than do single-tuned 
circuits, which have rounded response curves. 
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I 



A CWCUIT 



CRITICAL COUPLING K'OOl 

OPTIMUM COUPl<I^G H'0 0l5 



OVER COUPLING K.Q05 




C K's CONSTANT 



20.73 



As the coupling is increased to the critical 
value, maximum current flows in the secondary, 
and the output voltage across the secondary is 
also at its maximum. At this point (critical 
coupling), the energy transferred from the pri- 
mary to the secondary , is maximum. For this 
condition the coupled impedance (resistance) at 
the resonant frequency is equal to the primary 
impedance (resistance). Expressed as an 
equation, 



(2rrfM)2 



R 



(2*fM)2 = R R 
p s. 



Note that 



M = k/L L 



P S. 

Substituting (4-26) in (4-25), 



(2irfk /L L ) = R R 
* V p s' p 



p s. 



Transposing and simplifying, 



(2frfL )(2irfL )k = R R 
p" s' p s 



(4-24) 



(4-25) 



(4-26) 



Figure 4-15.— Tuned-primary tuned- secondary 
circuit and response curve. 



(2»r£L p )(2rfL s ) = 1 

p S K 



The double-tuned circuits develop a resonant 
buildup of current in both primary and secondary Note that 
in the vicinity of resonance. This action main- 
tains the secondary induced voltage and current 
at a higher value than if the secondary alone 
were tuned. The explanation of this effect is 
given in more detail later in this chapter and 
again in chapter 6. 

When the coefficient of coupling (fig. 4-15, B) 
is low, the response is sharply peaked at the 
resonant frequency and the pass band is very 
narrow. This action is the result of a low 
resistance high Q secondary and the reduction from which 
in influence of the secondary on the primary. 

The coupled impedance is low and the 
primary current and secondary induced voltage 
are essentially independent of the magnitude 
of the secondary current. 



2niL 2rrfL 

- ^— ^ - Q and 
R p 



Q s. 



Substituting (4-28) in (4-27), 



1 



Q Q = „ 
Vs ,2 



k = 




(4-27) 



(4-28) 



(4-29) 



(4-30) 
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and if the Q's are equal, 



1 



(4-31) 



The pass band is still relatively narrow. 

If the coupling is further increased until 
the OPTIMUM value is reached, the gain is 
still relatively high; but the band pass has been 
increased and the output is essentially uniform. 
At this point (optimum coupling), 



1.5 



k =■ 



- p (approximate), 



and if the Q's are equal 

_ l A 
k ~ "q • 

As the coupling is again increased, the humps 
at f i and f2 are well defined, and the gain at 
resonance is considerably reduced. Although 
the pass band is now much wider, the gain 
throughout the band is not sufficiently uniform. 

The two humps, f\ and f2, in the curve are 
(2i7fM) 2 4U 4 

- — « — 7- that is coupled 



due to the reactance, 



into the primary as the coupling is increased. 
Below resonance this reactance is inductive, 
and above resonance it is capacitive, For the 
same frequencies, the coupled reactance has 
the opposite sign to that of the primary, and the 
impedance of the primary is therefore reduced. 
Accordingly, there is an increase in primary 
current at frequencies slightly off resonance; 
and this results in increased current in the 
secondary, and also an increase in voltage at 
output. 

The frequencies at the two humps, ft and f2, 
which define the practical lower and upper limits 
of the pass band, are determined by the following 
equations: 



f 



f 

2 Juk 



Figure 4-15, C, shows the effects of varying 
the Q while maintaining a constant coefficient of 
coupling. Actually, the desired response curve 
could be achieved by the proper manipulation of 
both k and Q because they are interrelated. 

From the foregoing equations it is seen that 
in order to have a wide pass band, k must be 
large, and the circuit Q's must be small. How- 
ever, the proper relation between k and Q is 
essential if the desired bandwidth and the desired 
response within the band are to be maintained. 

The following example is an exercise in 
coupled circuit calculations presented at this 
time to increase your understanding of coupled 
circuit theory. The example is based on the 
values given in the tuned-primary tuned- 
secondary transformer coupled circuit in figure 
4- 15, A. Table 4-3 lists the nomenclature used 
in the calculations, and table 4-4 lists the calcu- 
lated values of resistance, reactance, im- 
pedance, and current for certain frequencies 
and coupling coefficients. 

The resonant frequency of the tuned circuits 
may be verified by substituting the given values 
of L and C in the formula, 



f 



1 



2/rv/LC 



where 
and 



L = 0.15mh or 0.15xl0~ 3 h 
C = 169^/i f or 169.0x10" 12 farads 



2x3.14>/o.l5xlO" 3 xl69xlO" 12 



6.28Vl.50xl0~ 4 xl69xl0' 12 



1 



6.28V2 54x10 

0.159xl0 8 
0.159xl0 2 



-16 



* 10 cps or 1,000 kc. 

The inductive reactance of the primary and 
secondary coils at the resonant frequency of 1000 
kc is found by substituting the given values of 



inn 
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Table 4-3. — Nomenclature used in the Example of Figure 4- 15, A. 



Input volts, E = 1 volt 



Sec. cap. react, (ohms), ^q s = ^ — 



fC, 



Pri. ind., L p = 0. 1 5x10- 3 henry 
Sec. ind., L g = 0.15x10-3 henry 
Pri. cap., C p = 169x10" 12 farad 



Mutual ind. (henries), M = kyL p L, s 

Mut. ind. react, (ohms), Xj^ =. 2/rfM 

X 

Pri. resist, (ohms), R p = Lp 



Sec. cap., C s = 169x10" 12 farad 
Pri. quality, Q p = 100 
Sec. quality, Q s =100 

Resonant freq., f Q = ] 0^ cps or 1000 kc 



Sec. resist, (ohms, R s - J^ s 

^s 

Pri. imped, (without sec), Z p = ^p+J^Lp'^Cp 

Sec. imped, (ohms), Z s = R s +jX Ls -jX Cg 
Coupled imped, (ohms), Z c ^M 2 



Coefficient of coupling, k = 0.01; 0.015; 0.03 



Total pri. imped, (ohms), Z pt = Z p © Z 



Pri. ind. reactance, X T ^ = ZniL 

L P p 



Sec. reactance, X^ g = Zn{L s 



>ri. current (amperes), I p = — — 

y Z-pt 



Sec. induced volts, E e = X.,1^ 
s M p 



Pri. capacitive reactance, X^. = 



Sec. current (amperes), I s =■ 



frequency and inductance in the formula for in- 
ductive reactance as follows: 



X T = X T =2*fL = 6.28xl0 6 x0.15xlO~ 3 
Lp Ls s 



944 ohms. 



The capacitive reactance of the primary and 
secondary capacitors is found by substituting the 
given values of frequency and capacitance in the 
formula for capacitive reactance as follows: 



The resistance of the primary and secondary 
circuits is determined by substituting the given 
value of Q and the calculated value of inductive 

X L 

reactance in the formula Q- , and trans- 
posing for R as follows: 

X L = 944 jhms and Q = 100 



R = R 3i.??l, 9.44 ohms. 
P Q 100 



X Cp = X Cs 



1 



1 



2*fc e^sxTo^xiegxio' 1 ^ 

s 

= 944 ohms u 



The mutual inductance M which exists be- 
tween the two coils when the coefficient of 
coupling k is equal to 0.01 is determined by 
substituting the specified value of k and the 
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given values of primary and secondary induct- 
ance in the formula for mutual inductance as 
follows: 

0.15x10 h;k 0.01 



L - L 
p - s 



P s 

O.OlVo.l5xlO~ 3 x0.15xlO* 3 
0.0015xl0" 3 h. 



The inductive (mutual) reactance, Xm, is 
determined by substituting the calculated value 
of M and the given value of resonant frequency 
in the formula for inductive (mutual) reactance 
Xm as follows: 

M =0.0015xl0~ 3 h; f = 10 6 cps 

X^ =2irfM =2 x3.14xl0 6 x0.0015xl0" 3 
M 



" 9.44 ohms. 

Table 4-4.— Summary of values in example of figure 4-15 A. 



Given | 



k 


0.01 


0.015 


0.03 


f 


lxlO 6 


cps 


995 kc 


1000 kc 


985 kc 


1015 kc 




(1000 kc) 










( 

X]^p ohms 


+ j944 


+ j937.6 


+ j944 

, 


+ j928 


* j956 


X r ohms 


-j944 




-j947 


-j944 




-j956 


-j928 


Rp ohms 






9.44 








Zp ohms 


9.44<L0 # 


9.4-j9.4 


9.44^0 r 


9.44-j28 


9.44+j28 








13.3/L-45 0 




29. 5^.-71. 4 C 


29.5^-71.4 


Xi ohms 


+J944 




+ J937.6 


+ j944 


+ J928 


+ J956 


X(3 s ohrns 


-j944 




-j947 


-J944 


: n a L 

-j95o 


-j92o 


R s ohms 






9.44 








A s ohms 


9.44^.0° 


9.44-j9.4 
13.3/L-45 0 


9.44Z_0° 


9.44-j28 
29.5il-71.4° 


9.44+j28 
29.5/.71.4 


M henry 


1.5x10-6 


2.25xl0- 6 




4.5x10*6 




ohms 


9.44 


14. 14 


14.08 


28.28 


27.8 


28.7 


7.q ohms 


9.44 L0 C 


21.2Z.0* 


10.5+jl0.5 
14.88 z_45 r 


84.7z_0* 


8.32+j24.9 
26.2^.71.4° 


8.9-j26.4 
27.8^-71.4 


Zp^ ohms 


18.88<l0' 


30.6.l0 c 


19.9-jl.l 
20z_-3° 


94. 1 c0 c 


17.82-j3.1 
18^-9. 9 r 


18.3+ji.6 
18.37^.5 C 


Ip amperes 


0.0530 


0.0327 


0.05 

. - -i — i i 


0.0106 




0.0555 


0.0545 


E ^ volts 


0.0500 


0.463 


0.704 


0.3 


1.54 


1.56 


I s amperes 


0.0530 


0.049 


0.0528 


0.0318 


0.0522 


0.053 



Find 
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The secondary impedance Zs at the resonant 
frequency of 1000 kc is equal to the vector sum 
of Xl s , Xc s> and R s . Expressed in vector 
algebra form 

Z s= R s J X L-J X C 
s s 

Substituting the calculated values of R s =9.44, 
S T = 944, and X_ =944, 
s s 

Z = 9.44+j944-j944 



= 9.44 z.0°ohms (resistive). 

The coupled impedance, Zc, is found by sub- 
stituting the calculated value of Xm at the 
resonant frequency and the calculated value of 
secondary impedance at the resonant frequency 
in the formula for coupled impedance as follows: 

X M = 9,4 2 4 ohms » Z s * 9 * 44 ohms . 

Z r - — ( 9M) = 9.44 ohms (resistive). 

C Z 9.44 
s 

The total primary impedance, Zpt, at the 
resonant frequency is the vector sum of the 
primary impedance, Z p (without the secondary) 
and the coupled impedance, Zc. Note that 



Zp = Z s = 9.44 ohms since L p 



L s andQp= Q ; 



secondary voltage divided by the calculated 
value of secondary impedance as follows: 

E =0.500 v; Z - 9.44 ohms (resistive) 
s s 



s 0.500 

Z 9.44 

s 



= 0.0530 a. 



The calculated values of Xl p , Xl s , Xc p 

XC S > R P> R s> z pi z st z pt> \> E s> ^ h are 
given in the first row of table 4-2. 



The frequencies corresponding to the peaks 
of secondary current in the vicinity of resonance 
are determined for two specified coefficients of 
coupling. First, for k= 0.015 (approximate 
optimum coupling) the lower frequency, fi, is 
found by substituting the specified value of 
k =0.015, and the resonant frequency, f o = 10^ 
cps in the following formula: 



f 

f = -* = 



10 



6 



1x10 



6 



1 x/lTk Vl+0.015 1.007 

= 0.995xl0 6 cps or 995 kc 

The upper frequency, f2, is found by sub- 
stituting k =0.015 and f 0 = 10 6 cps in the 
following formula: 



Z pt = Z p* Z C 

= 9.44 9.44 = 18.88 ohms (resistive). 
The primary current, I p , is equal to the in- 
put voltage, E, divided by the total impedance 
of the primary circuit, 



E 1 

! p ~ Z T - 18788" 
Pt 



0.0530 a. 



The secondary mutually induced voltage, E s , 
is determined by substituting the calculated 
values of primary current and mutual inductive 
reactance in the formula for mutually induced 
voltage as follows: 

X m . =9.44 ohms; I = 0.053 a 
M p 

E =X m J = 9.44x0.0530 * 0.500 v. 
s Mp 

The secondary current at the resonant fre- 
quency is equal to the calculated value of the 



r 2 = . 



10 



10 



10 



'T^k Vl-0.015 V0.985 0.994 
=1.005xl0 6 cps or 1,005 kc. 

For the second specified value of k = 0.03 
(over coupling) the lower f requency, fi' , and the 
upper frequency, f2', are found as follows: 



f ' __ f .Q_ 10 6 10 6 
v^k 1+0.03 1.015 



=0.985xl0 6 cps or 985 kc 



and 



10 



10 



10 



vrnr vi-0.03 vs^r vo.985 

- L015xl0 cps or 1,015 kc. 
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The calculations for secondary current at 
the resonant frequency when the coefficient of 
coupling is k = 0.015 are similar to those pre- 
viously given for k = 0.01. The mutual induct- 
ance increases from 1.5x10"^ to 2.25x10-6 
henry; the inductive (mutual) reactance Xm in- 
creases from 9.44 ohms to 14.14 ohms; the 
coupled impedance Zq increases from 9.44 ohms 
to 21.2 ohms; the primary current Ip, decreases 
from 0.0530 ampere to 0.0327 ampere; and the 
secondary current decreases from 0.0530 am- 
pere to 0.049 ampere. 

The calculations when the frequency is de- 
creased from 1000 kc to 995 kc show corre- 
sponding changes in reactance and coupled 
impedance as follows. The primary and second- 
ary inductive reactances are 

X T = X T =2*fL = 6.28x0.995xl0 6 x0.15xl0" 3 
L L S 
P s 

= 937.6 ohms. 

The primary and secondary capacitive re- 
actances are 



The coupled impedance at 995 kc and k =^0.015 



is 



x c = x c 

P s 



1 



2nfC 



6.28x0.995xl0 6 xl69xl0" 12 



= 947 ohms. 
The secondary impedance is 

Z s= R s*L - jX C 
s s 

-9.44+j937.6-j947 

= 9.44-j9.40 

= 13.3^-44.9° or 13.3^-45°. 
The mutual inductance when k =0.015 is 



M = k /L L = 0.015vb.l5xlO- 3 x0.15xlO" 3 
v p s 

- 0.015x15x10-3 = 0.00225xl0- 3 h. 

and the mutual inductive reactance at 995 kc is 

X m , -2rrfM = 6. 28x0.995xl0 6 x0. 00225xl0- 3 
M 

- 14.08 ohms. 



,4.88.45' Ohm. 

C Z 13.3^-45 a 
s 

= 10.51* jl0.51 ohms, 



and the total primary impedance is 

Z = R +jX. -jX_ © Z^ 
pt p ' L * C C 
P P 



= 9.44 j937.6-j947+10.51+jl0.51 
= 19.95-jl.ll 
= 20^-3.2°. 

The primary current at 995 kc and k = 0.01 5 is 

E 1 
I = — = — = 0.05 a, 

P Z pt 20 

and the secondary voltage is 

E s = Vp = 14 - 08x0 - 05 = °- 704 V ' 
the secondary current is 

E s 0.704 

I = — = =0.0528 a. 

s Z 13.3 

s 

The mutual inductance when k -0.03 is 



M= kVLpL s = 0.03Vo.l5xlO- 3 x0.15xlO" 3 
= 0.0045xl0- 3 h. 



The mutual inductive reactance at 1000 kc is 



X M = 2"fM = 6.28x1 0 6 x0.0045xl0- 3 



= 28.28 ohms. 
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The primary and secondary impedance from 
previous calculations are Zp= Zs = 9.44 ohms. 
The coupled impedance atlOOOkcandk = 0.03 

is 



( X M) 2 (28.28) 2 0A „ n o . 
-C = ~z~~ = 944 = 84.7^0 ohms, 



and the total primary impedance is 

z pt= z p ©z c 

= 9.44+84.7 

= 94.14 <_0° ohms. 

The primary current at 1000 kc when k = 
0.03 is 

I P = 'Z^ = 94 L T = 0 - 1062 amper6; 
the secondary voltage is 

Eg = Xflfllp 

= 28.28x0.01062 
= 0.3 volt; 
and the secondary current is 
E S 0.3 



U = ^ =7^7 = 0.0318 a. 
s 



* s Z s 9-44 



The secondary current at the lower fre- 
quency l\ - 985 kc when k=0.03 is found as 
follows: The primary and secondary inductive 
reactances at 985 kc are 

X Lp = Xl s = 2rrfL s = 6.28x0.985xl0 6 x0. 1 5xl0~ 3 

= 928 ohms. 

The primary and secondary capacitive re- 
actances at 985 kc are 



The mutual inductance for k = 0.03 is from a 
previous calculation, M = 0.0045x10*3 henry. 
The mutual inductive reactance at 985 kc is 

X M = 2rrfM = 6.28x0.985xl0 6 x0.0045xlO"3 

= 27.8 ohms. 

The coupled impedance at 985kcandk * 0.03 

is 

= (X M )2 = (27.8)2 
Z C Zs - 29.5^.71.4* 2& ' 2LllA 

= 8.32 j24„9 ohms. 

The total primary impedance at 985 kc and 
k =0.03 is 

z pt =Z P @Z c 

■ V jX L " jX C ® Z C 
P P 

= 9.44+j928-j956+8.32+j24.9 
= 17.76-j3.1 = lB<--9.9°. 
The primary current at 985 kc and k = 0.03 

is 

E 1 

I = ~S = fa = 0.0555a; 
p Z pt 18 

the secondary induced voltage is 



E = XT = 27.8x0.055 = 1.54 volts; 
s M p ' 



and the secondary current is 
E 



s 1.54 



l s~ Z ~ 29.5 

s 



= 0.0522 a. 



1 



1 



X Cp - X C S - 2 n f c s " 6. 2 8x0.9 8 5x1 0 6 x 1 69x 1 0" 1 2 
= 956 ohms. 

The secondary impedance at 985 kc is 
z s = R s+jX Ls -jX Cs 
= 9.55+j928-j956 
= 9.44-j28 = 29.5<l-71.4°. 



The secondary current at the upper frequency 
= 1015 kc when k = 0.03 is found as follows: 
The primary and secondary inductive re- 
actances are 

X T = X T = 2*fL = 6.28x1. 0l5xl0 6 x0.15xl0" 3 
L L s 
P s 



956 ohms. 
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The primary and secondary capacitive reac- 
tances are 



x x _L_ 

C p = C s = 2»rfC = 6.28x1.015x10^x169x10 
s 



76" 



12 



= 928 ohms. 



The secondary impedance is 
s s 



= 9.44 j956-j928 

= 9.44 j28 = 29.5<i71.4 0 ohms. 

The mutual inductance when k =0.03 is from 
previous calculations, M = 0.0045xl0~ 3 henry. 
The mutual inductive reactance at 1015 kc 

is 

X^= 2*fM= 6.28x1. 015xl0 6 x0.0045xl0" 3 
= 28.7 ohms. 

The coupled impedance when k = 0.03 and 
f2 =1015 kc is 



(*M) 2 _ (28.7) 2 



29.5 



= 8.9-j26.4 ohms. 



27.8^-71.4° ohms 



The total primary impedance is 

Z pt= Z P ® Z C =R p +jX L- iX C® Z C 

p p 

=9.44 j956-j928t8.9-j26.4 

= 18.3+) 1.6 ohms 

= 18.37/_5°ohms. 



The primary current is 



I = — = __ = 0.0545 a; 
P Z , 18.37 
Pt 



the secondary voltage is 

E = X..I = 28.7x0.0545 = 1.56 v; 
s M p 



and the secondary current is 
F 

s 1.56 

I = — = = 0.053 a. 

s Z 29.5 
s 

The application of inductively coupled cir- 
cuits in electron-tube amplifiers, together with 
an amplifier voltage-gain problem is treated in 
chapter 6. 
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CHAPTER 5 

INTRODUCTION TO ELECTRON-TUBE AMPLIFIERS 



BASIC TRIODE AMPLIFIER 



TRIODE CHARACTERISTICS 



The most important function of an electron 
tube is its ability to amplify or increase the 
amplitude of the input signal. An electron- 
tube amplifier consists of one or more tubes 
and associated circuit elements necessary for 
its operation and is used to increase the voltage, 
current, or power of a signal For example, 
a minute amount of power at the input of a 
broadcast receiver is amplified by a number of 
amplifier stages in the receiver to the level 
necessary to operate a loudspeaker. The amount 
of amplification or gain that results is de- 
pendent primarily upon the number of amplifier 
stages used. GAIN is defined as the ratio of 
output to input. The greater the number of 
stages the greater the overall gain will be. 
One stage may have a larger gain (gain per 
stage) than another. In many circuits the 
gain is dependent largely upon the amplifi- 
cation afforded by the electron tube. In other 
circuits the gain may be due to transformer 
action or the resonant qualities of a circuit. 
The amplification of the tube itself is expressed 
as an amplification factor, // (defined in chapter 
1). 



A signal voltage, e Sf of sine waveform ap- 
plied to the control grid of a tube (fig. 5-1, A) 
results in plate current variations through the 
load impedance and voltage variations between 
plate and ground, as shown in figure 5-l,B. 
The voltages and currents are made up of a d-c 
component that exists when no signal is present 
and an a-c component that exists in addition 
to the d-c component when a signal is applied 
to the grid. In most cases the a-c component 
is of chief interest although the d-c component 
determines the portion of the tube character- 
istic in which the operation occurs. The a-c 
components of plate voltage and current con- 
stitute the useful output of the tube. 



The action of the triode amplifier may be 
explained by studying the ip-e p curves for 
a triode, figure 5-2. These curves are approxi- 
mately parallel straight lines. The dotted 
portions are projected to the X axis to obtain 
the values of plate voltage for which the grid 
voltage of any given curve will reduce the plate 
current to zero. These values are approxi- 
mations, based on the assumption that the ip-e p 
curves are parallel straight lines. 

In the simplified triode circuit (fig. 5-2, A) 
there is no a-c signal present and the plate 
load resistor Rl of figure 5-1, A has been 
omitted. Grid bias E c and plate voltage Eb are 
adjustable. However, the grid is always main- 
tained negative with respect to the cathode and 
the plate is always positive with respect to 
the cathode. Thus the grid always repels 
electrons and the plate always attracts them. 
(Like charges repel, unlike charges attract.) 

The no- signal condition is represented at 
"O" (fig. 5-2, B). The grid bias is -6 volts, 
the plate current is 0.008 ampere and the plate 
voltage is 250 volts. The triode plate resist- 
ance is from the triangle (fig. 5-2,B) 



_Aep _ 300 - 250 _ 50 
r P ~Aip 0.012 -0.008 0.004 



12,500 ohms 



The triode amplification factor is (from the same 
triangle) 

Aep _ 300 -2 50 50 _ 9K _ 

Assuming the i p e p curves are parallel straight 
lines the equation of each of these curves is 



ne g + i p r p 



(5-1) 



where e p is the plate voltage, ji the amplification 
factor of the triode, e g the instantaneous grid 
voltage, i p the plate current, and r p the plate 
resistance. The equation states that the voltage 
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between plate and cathode is equal to the sum of 
the i p rp drop across the plate resistance and 
another voltage -^eg. 

The term -/*eg is equivalent to counter volt- 
age acting in the plate circuit against the plate 
current flow. The plate current is the movement 
of electrons from cathode to plate; electrons are 
negative, the grid is negative, and like charges 
repel. Thus the counter voltage is a real volt- 
age acting in the plate circuit against the flow 
of plate current and is equal to the product of 
the triode amplification factor and the instan- 
taneous grid to cathode voltage. 

In the example of figure 5-2, ^=25, r p = 
12,500 ohms, i p =0.008 ampere and e g =-6 volts. 
Substituting these values in equation 5-1 and 
solving for plate voltage, 

e p = -25 (-6) +0.008 x 12,500 = 250 volts. 

Note the counter voltage is 150 volts and the 
i p r p drop in the plate resistance is 100 volts; 
the sum of the two voltages comprises the 
plate-cathode voltage of 250 volts. 

PROJECTED CUTOFF 



From equation 5-1, when i p is reduced to 



zero. 



e p = -neg and transposing for e g . 



e 



(5-2) 



This value of grid bias is called projected 
cutoff or cutoff bias. In the example under 
consideration the projected cutoff (co) bias 
required to reduce plate current to zero when the 
plate voltage is 250 volts and the amplification 
factor is 25, is 



co 



ep - 250 



"25" = 



- - 10 volts 



The cutoff bias increases directly with plate 
voltage as shown in figure 5-2,B. When e p is 
300 volts, the cutoff bias is -12 volts: when 
e p is 400 volts, the cutoff bias is - 16 volts, and 
when e p is 500 volts the cutoff bias is 



CIRCUIT ANALYSIS 



-20 volts. 



Figure 5-1. — Triode amplifier and waveforms. 



Now study the circuit if figure 5-1, A, to 
see how the triode operates when a plate load 
resistor Rl is inserted in series with the 
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Figure 5-2.— Triode characteristics. 



plate lead and a sine waveform signal e s is 
applied across the grid leak resistor Rgj. 

First consider the plate circuit. The al- 
gebraic sum of the voltages around the plate 
circuit is zero. In other words the B supply 
voltage is equal to the sum of the plate voltage 



and the voltage across the plate load resistor 
Rl» Expressed as an equation, 

E B = e P + i P R L < 5 - 3 > 
Substituting the value of e p from (5-1) in 5-3) 
E B = - /xe g + i p r p + i p R L (5 4) 
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Substituting the values for the no-signal con- 
dition point "O" figure 5-2, B ( n is 25, e g is 
-6 volts, i p is 0.008 ampere, r p is 12,500 
ohms, R L is 25,000 ohms) and solving for 

E B = -25(-6) + 0.008 x 12,500 +0.008x25,000 

= 150 + 100 + 200 

= 450 volts. 

The B supply voltage provides 450 volts 
which is distributed around the plate circuit 
with 250 volts between plate and ground and 
200 volts across Rl when the plate current 
is 0 008 ampers and the grid voltage is -6 
volts This condition exists as the a-c signal 
is about to increase from the -6 volt level 
in a negative direction (fig. 5-l,B). 



Now assume that the grid input signal in- 
creases to a peak of 6 volts with the grid end 
of the source NEGATIVE (fig. 5-1, A). the 
instantaneous grid- cathode voltage will be 

e g = E c +e s or -6 -6 or -12 volts. 

Transpose equation (5-4) and solve for plate 
current as follows: 



E B^ e g 
P= r p + R L 



(5-5) 



Substituting the following values in equation 
(5-5): 

Eb = 450 volts, u - 25, e g = -12 volts, 
r p = 12,500 ohms and R L = 25, 000 ohns, 

. _ 450 ♦ 25 (-12) 
*P 12,500 + 25,000 

= 450 - 300 
37,500 

= 0.004 ampere 

With a plate current of 0.004 ampere (fig. 5-1, A) 
the drop across Rl is 0.004 x 25,000 or 100 
volts and the plate voltage increases from 250 
volts to 450-100 or 350 volts (point 1 fig. 5-2,B). 
This swing in plate voltage comprises the output 
signal that occurs as the input signal, e s , to the 
grid changes from zero to -6 volts. Note the 
peak a-c signal output component is 350-250 or 
100 volts. 



Now consider the action of the triode ampli- 
fier when the a-c signal input voltage has re- 
versed its polarity and increases to a peak of 
6 volts with the grid end of the source POSITIVE. 
This is the second half cycle of e s . Now the 
instantaneous grid- cathode voltage is 6-6 or 
zero volts. Substituting the following values in 
equation (5-5): 

e g = 0 volts, /i= 25, E B = 450 volts, 
r p = 12,500 ohms and R L = 25,000 ohms. 



p ~ r p ; r l " 

= 450 f 25x0 
12,500 + 25,000 

~ 0.012 ampere 

With a plate current of 0.012 ampere the voltage 
across R L is 0.012 x 25,000 =300 volts and the 
plate voltage decreases to 450 - 300 or 150 
volts (point 2, fig. 5-2, B). This swing in plate 
voltage from 250 volts to 150 volts comprises 
the output voltage that occurs as the input signal 
to the grid changes from zero to +6 volts. Note 
the peak a-c signal output component is 250- 150 
or 100 volts. 

Summarizing the action, the a-c signal acting 
in series with the bias voltage (fig. 5- 1,B) swings 
the grid voltage from -6 volts to -12 volts back 
to -6 volts to zero volts, returning to -6 volts to 
complete one input cycle. During this time the 
plate current varies from 0.008 ampere to 
0.004 ampere, to 0.008 ampere to 0.012 ampere 
returning to 0.008 ampere to complete the cycle. 
During the same time the plate voltage swings 
from 250 volts to 350 volts to 250 volts to 
150 volts and back to 250 volts to complete the 
cycle. As stated earlier, the plate voltage var- 
iation comprises the output signal of the triode 
amplifier. 

VOLTAGE GAIN 

The voltage gain of the amplifier is the 
ratio of the a-c output voltage to the a-c in- 
put voltage. In this example the a-c output volt- 
age is 100 volts (peak) and the a-c input voltage 

100 
6 

16.67. 



is 6 volts (peak). The voltage gain is 



or 



1 i n 
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A simplified equivalent circuit for the triode 
amplifier eliminates the d-c voltages and shows 
only the a-c components. (See fig. 5-3.) The 
circuit contains a voltage m e s acting in series 
with the plate resistance rp and load resistance 
RL. In this example is 25 and e s is 6 volts 
(peak a-c signal input to the grid); the product 
ixe s is 25 x 6 or 150 volts (peak) acting in 
series with 12,500 ohms plate resistance and 
25,000 ohms, plate load resistance, or a total 
of 37,500 ohms. The peak signal current is 



_150 



25 x 6 

12,500 +25,000 
0.004 a 



37,500 



ohms 




* t a 29.000 ohms 



20.76 



Figure 5-3.— Equivalent circuit of a triode 
amplifier. 



The output voltage is the voltage across 
RL and is equal to i p R L or 0.004 x 25,000 
= 100 volts. 

e o 100 

The voltage gain is — = = 16.67 



CATHODE BIAS 

Point "O" (fig. 5-2,B) has been called the 
no- signal point for the triode amplifier. It is 
also called the operating point. In the example 
of figure 5-1, A, the bias voltage between grid 
and cathode is provided by the C battery. 

This voltage may also be provided by the B 
battery. The arrangement consists of inserting 
a resistor in series with the cathode lead (fig. 
5-4) and shunting it with a relatively large 
capacitor to stabilize the voltage across it when 
the plate-cathode current varies with the signal. 
This action established the operating bias for 
the triode. The grid is returned to the lower 



end of the cathode resistor through the grid 
leak resistor across which the a-c signal is 
developed. 

A 750 ohm resistor connected between cathode 
and ground, and carrying a no- signal current of 
0.008 ampere will have' a voltage drop across 
it equal to 0.008 x 750 or 6 volts. The B supply 
voltage is increased from 450 to 456 volts to 
provide the 6 volt grid bias and maintain the 
same no- signal plate voltage of 250 volts. 

GRID RESISTOR 

The grid (leak) resistor R g i, figure 5-4 
conducts the bias voltage developed across 
Rk to the grid. The charge on the grid is ac- 
tually a static potential since no grid current 
flows. The magnitude of the resistance of Rgi 
should be large so as to minimize a-c signal 
currents and associated power loss and heating. 
Values of the order of 1 to 10 megohms are 
specified by the manufacturer. The upper limit 
is imposed to protect the tube in case it becomes 
gassy (loses its vacuum). 

Gas particles (due to loss of vacuum) in the 
triode become ionized by electron bombardment 
from the cathode. As positive ions they sur- 
round the grid and attract electrons from the 
grid itself, causing a negative (reverse) grid 
current. This reverse grid current flows 
through Rgi in a direction to subtract the volt- 
age across Rgi from that across Rfc, thereby 
reducing the grid cathode bias voltage to such a 
low value that plate current may burn up the 
triode. 

For example, if 0.6 microampere of reverse 
grid current flows through a 10 megohm grid 
leak resistor, the voltage drop across Rgi is 
0.6 x 10 = 6 volts and this voltage will attempt 
to neutralize the effect of the 6 volt drop across 
Rk (fig. 5-4). A lower value of grid leak resist- 
ance, for example, 1 megohm would have only 
0.6 x 1 = 0.6 volt in opposition to the 6 volt bias 
across Rk and so the effect on plate current 
would be much less pronounced. 

COUPLING CAPACITOR 

The coupling capacitor C c (fig. 5-4) must 
have a high d-c resistance (low leakage) be- 
cause it insulates the grid circuit of one stage 
from the plate circuit of the stage that is coupled 
to it. The d-c resistance of a coupling capacitor 
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Figure 5-4.— Triode amplifier with cathode bias and R-C coupled output. 



should be at least 50 megohms. If the leakage 
becomes appreciable direct current will flow 
through Rgi of the following stage and the re- 
sulting voltage will impress a positive bias on 
the grid of the tube in that stage. This condition 
is especially important if an R-C coupled ampli- 
fier has good low frequency response (described 
later) because the grid leak resistor has rela- 
tively high resistance and the coupling capacitor 
has relatively high capacitance. 

In practical applications, input and output 
coupling circuits must always be used with the 
electron tube. If resistance- capacitance cou- 
pling is used the voltage gain of the stage will be 
less than the amplification factor of the electron 
tube because of losses in the coupling elements. 
If transformer coupling is used, the voltage gain 
may be greater or less than /i depending on 
whether the coupling transformer has a step-up 
or step-down turns ratio. 

In order to obtain certain waveform charac- 
teristics, amplifiers are sometimes purposely 
designed to distort the signal. When voltage or 
power is to be amplified without appreciably 
changing the shape of the wave, as in high- 
fidelity amplifiers, it is generally necessary 
to sacrifice some of the gain that the stage would 
normally have if this condition were not imposed. 

Amplifiers may be classified in a number of 
ways according to use, bias, frequency response, 
or resonant quality of the load. 

CLASSIFICATION OF AMPLIFIERS 

ACCORDING TO USE 

When classified according to use or type of 
service, amplifiers fall into two general type 



groups- VOLTAGE AMPLIFIERS and POWER 
AMPLIFIERS. 

Voltage Amplifiers 

Voltage amplifiers are so designed that sig- 
nals of relatively small amplitude applied 
between the grid and the cathode of the tube will 
produce large values of amplified signal volt- 
age across the load in the plate circuit. In order 
to produce the largest possible amplified signal 
voltage across the plate load (which may be a 
resistor, an inductor, or a combination of both) 
this value of impedance must be as large as 
practicable. 

The GAIN of a voltage amplifier is the ratio 
of the a-c output voltage to the a-c input volt- 
age. This type of amplifier is commonly used in 
radio receivers to increase the r-f or i-f signal 
to the proper level to operate the detector. It 
is used also to amplify the a-f output of the 
detector stage. In phone transmitters, voltage 
amplifiers are used to increase the output of the 
microphone to the proper level to be applied 
to the modulator. 

Power Amplifiers 

Power amplifiers are designed to deliver a 
large amount of power to the load in the plate 
circuit. Since power, in general, is equal to the 
voltages times the current, a power amplifier 
must develop across its load sufficient voltage 
to cause rated current to flow. The POWER AM- 
PLIFICATION of such a circuit is the ratio of 
the output power to the input grid driving power. 

The load impedance of a power amplifier is 
selected to give either maximum plate efficiency 
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or maximum power output for a certain minimum 
level of distortion. PLATE EFFICIENCY is the 
ratio of useful output power (a-c voltage com- 
ponent times a-c current component times cos 
6) to d-c input power to the plate (plate current 
times plate voltage). 

POWER SENSITIVITY, another term used 
with power amplifiers is the ratio of the power 
output in watts to the grid signal voltage causing 
it, (when no grid current flows). If grid current 
flows, the term usually means the ratio of plate 
power output to grid power input. Pentodes re- 
quire less driving power than triodes for the 
same power output and thus have a higher power 
sensitivity. 

Power amplifiers are commonly used as the 
output stage of radio receivers. They are used 
also in transmitters to increase the power of 
the modulated carrier to the desired level before 
it is fed to the antenna. 
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Figure 5-5.— Class A operation. 
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CLASSIFICATION ACCORDING TO BIAS 

Amplifiers may be classified also according 
to the conditions under which the tube operates— 
that is, according to the portion of the a-c signal 
voltage cycle during which the plate current 
flows as controlled by the bias on the grid. The 
four classes of amplifier operation according to 
bias are A, B, AB, and C. 



Class-A Amplifiers 

Class A amplifiers are biased so that, with 
normal input signal, plate current flows during 
the entire input cycle, and the amplification is 
essentially linear, as indicated in figure 5-5. 
Grid current does not flow in most class A 
amplifiers. 

To show that grid current does not flow 
during any part of the input cycle, the subscript 
"1" may be added to the letter or letters of the 
class identification. The subscript "2" may be 
used to indicate that grid current flows during 
some parts of the input cycle. Thus, if the grid 
is not driven positive at any time in the class A 
cycle no grid current will flow and the amplifier 
is designated class Aj. 

The principal characteristics of class A 
amplifiers are minimum distortion, low power 
output for a given tube (relative to class B and 
class C amplifiers), high power amplification, 



and relatively low plate efficiency (20 to 35 per- 
cent). This type of amplifier finds wide use in 
various audio systems where low distortion is 
important. 

Class-B Amplifiers 

Class B amplifiers are biased so that no 
plate current flows when no signal is applied to 
the grid. Plate ; current then flows for approx- 
imately one-half of each cycle of grid signal 
voltage (fig. 5-6). Such amplifiers are char- 
acterized by medium power output, medium 
plate efficiency (50 to 60 percent), and moderate 
power amplification. 
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Figure 5-6.— Class B operation. 
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Single-ended (singletube) class B amplifiers 
are used in r-f amplifier stages having a 
parallel- tuned circuit as the plate load. 

Class- AB Amplifiers 

Class AB amplifiers have grid biases and 
input- signal voltages of such values that plate 
current flows for appreciably more than half 
the input cycle but for less than the entire cycle, 
as indicated in figure 5-7. Class AB operation 
is essentially a compromise between the low 
distortion of the class A amplifier and the higher 
efficiency of the class B amplifier. 
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Figure 5-7.— Class AB operation. 
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If the input signal drives the grid positive 
with respect to the cathode, grid current will 
flow during the positive peaks and the amplifier 
is designated asaclassAB2 amplifier. Although 
a class AB2 amplifier delivers slightly more 
power to its load, the class ABi amplifier has 
the advantage of presenting to its driver a con- 
stant impedance. In contrast with this effect 
the amplifier that draws grid current over a 
portion of its input cycle presents a changing 
impedance to its driver at the point where grid 
current starts to flow. Thus, before grid cur- 
rent the impedance may be relatively high, and 
during the part of the input cycle when grid cur- 
rent flows the impedance falls to a relatively 
low value. The driver that supplies this kind of 
load must be designed to supply undistorted 
power to the load during these periodic intervals 
of low impedance. 



Class- C Amplifiers 

Class C amplifiers have a bias that is appre- 
ciably greater than cutoff; consequently plate 
current flows for appreciably less than half 
of each cycle of the applied grid signal voltage 
(fig. 5-8). This class of amplifier has a rela- 
tively high plate efficiency (70 to 75 percent), 
high power output, and low power amplification. 
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Figure 5-8.— Class C operation. 
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Class C amplifiers are not used as audio 
amplifiers, but they are used as r-f power am- 
plifiers in transmitters. If power is delivered 
to a tuned load the load will present a high 
impedance at the resonant frequency and low 
impedance at other frequencies. If the load is 
tuned to the same frequency as that which is 
applied to the grid it will offer optimum loading 
at this frequency. Low impedance will be offered 
to the harmomics (multiples) of the frequency 
applied to the grid, and hence these undesirable 
components will be eliminated. 

CLASSIFICATION ACCORDING 
TO FREQUENCY 

Amplifiers may be classified according to 
the frequency range over which they are to op- 
erate. In general, amplifiers operating in these 
ranges are known as direct- current (d-c); audio- 
frequency (a-f): intermediate-frequency (i-f): 
radio-frequency (r-f): and video- frequency (v-f). 
or pulse, amplifiers. 
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When the signal current is inbut one direction 
ad-c amplifier must be used. In order to over- 
come certain problems inherent in such an 
amplifier the circuits must be balanced and 
stablized by means of resistors. 

Audio- frequency amplifiers operating in the 
range from 30 to 15,000 cycles per second may 
be transformer- coupled, impedance- coupled, or 
resistance- coupled. 

I-f and r-f amplifiers are ordinarily designed 
for tuned-circuit coupling, although in actual 
operation they may resemble either transformer- 
coupled or impedance- coupled circuits. 

Video-frequency amplifiers, which operate 
in a range extending from the lower audio fre- 
quencies to perhaps 5,000,000 cyclesper second, 
commonly use resistance- coupled amplifiers in 
which the coupling resistance is made low enough 
to produce the necessary high-frequency re- 
sponse. However, in actual radar and television 
applications the resistance-coupled amplifier 
must be modified to make the response essen- 
tially flat over a wide range of frequencies. In 
addition, the circuits must be modified to keep 
time-delay distortion within a certain minimum 
value at the high- and low- frequency ends of the 
spectrum. 

CLASSIFICATION ACCORDING TO 
CIRCUIT CONFIGURATION 

Grounded- Cathode Amplifier 

Amplifiers may be classified according to the 
connection of the tube elements in the circuit. 
Conventional electron-tube amplifier circuits 
return the cathode either to ground through a 
cathode resistor or. if separate bias is pro- 
vided, to ground directly. Both of these cir- 
cuit configurations are classed as grounded- 
cathode types. In the former, the cathode is 
positive with respect to ground by the amount 
of the grid bias and the cathode bypass capac- 
itor holds the cathode at ground potential with 
respect to the signal component. A grounded- 
cathode amplifier circuit is shown in figure 
5-9, A, for a separate heater cathode and in 
figure 5-9,B, for a direct heater cathode. In 
both of these circuits the interelectrode capaci- 
tance between plate and grid introduces feedback 
at high frequencies, and unstable amplifier 
operation results. 
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Figure 5-9.— Grounded- cathode amplifier 
circuits. 

Grounded- Grid Amplifier 

For very high frequencies the grounded- grid 
amplifier shown in figure 5-10 removes the 
feedback coupling between grid and plate and 
places the grid-plate interelectrode capacitance 
effectively in parallel with the load. Grounded- 
grid amplifiers are used as r-f amplifiers in 
the lower radar frequencies and in television 
circuits in the v-h-f and u-h-f bands- The in- 
put signal is introduced into the cathode circuit 
in series with the grid bias and varies the grid- 
to-cathode voltage in the normal manner. 

The output signal is taken between the plate 
and ground. The plate current (including the 
a-c component) flows through the signal source 
which is in series with the cathode circuit. The 
signal source has appreciable impedance and 
the plate current through it is accompanied by 
a voltage drop across it which acts between the 
cathode and grid. The action is degenerative 
and lowers the gain of the amplifier compared 
to the gain of the grounded- cathode type. Some 
of the power in the load is supplied by the sig- 
nal source since the load and source are in 
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Figure 5-10.— Grounded- grid amplifier 
circuit. 



Cascode Amplifier 

A popular r-f amplifier, the cascode ampli- 
fier, combines the good features of both the 
triode and the pentode. A simplified circuit of 
one type of cascode amplifier is shown in figure 
5-12. The VI plate voltage is held fixed while 
the plate current is permitted to vary. This 
action is like a pentode with the advantage that 
no screen current is required and less noise 
is introduced. Triodes have less noise than 
pentodes because they have fewer internal ele- 
ments. 



series with the plate- to-cathode resistance of 
the tube. The source is thus required to furnish 
a considerable amount of power. 

Grounded- Plate Amplifier 

The grounded-plate amplifier (VI in fig. 
5-11) is another circuit configuration that may 
be used in u-h-f amplifiers. This amplifier 
circuit has a lower signal-to-noise ratio than the 
grounded- cathode, grounded-grid circuits and 
also poorer stability since the grid is not used 
as a shield between cathode and plate. However, 
the input capacitance is slightly less than that of 
the grounded-grid circuit. If the grounded-plate 
amplifier is used to drive a grounded-grid 
amplifier, V2, at very high frequencies the 
lower induced grid noise gives this circuit 
configuration a slight advantage over that of 
the grounded- cathode or grounded- grid type. 
In the cascode amplifier, described in the fol- 
lowing section, a grounded plate amplifier is 
used to drive a grounded grid amplifier. 
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Figure 5-1 1.— Grounded-plate amplifier. 



Figure 5-12.— Simplified circuit of a 
cascode amplifier. 



Signals from the antenna are fed through 
tuned circuit C1L1 to L2. The frequency re- 
sponse is improved by having low X c ohms in 
the coupling capacitor C4 and the r-f bypass 
capacitor C5 compared with high resistive ohms 
in the grid resistor Rl. Neutralization (to pre- 
vent VI from developing self oscillations) is not 
necessary for operation on the low band be- 
cause of the compact arrangement of the circuit 
and the tube connections. Likewise, neutraliza- 
tion is unnecessary for operation on the high band 
because L3 and C2 (the distributed capacitance 
to ground) form a series resonant circuit (res- 
onant at the center of the high band) from the 
plate of VI to ground. The signal voltage across 
L3 varies the potential of the cathode of V2 with 
respect to ground; and, because the grid is 
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grounded, the signal is applied effectively be- 
tween the cathode and the grid of V2. This 
arrangement, in effect, nullifies the shunting 
distributed capacitance insofar as injecting 
undesired noise or degeneration into the grid 
cricuit of VI and V2 is concerned. 

CLASSIFICATION ACCORDING TO 
RESONANT QUALITY OF LOAD 

Amplifiers are also classified according to 
whether they are TUNED or UNTUNED- that is, 
according to whether they amplify a restricted 
range or wide range of frequencies respectively. 

Tuned amplifiers may be further sub- divided 
into NARROW- BAND and WIDE- BAND ampli- 
fiers. Whether a band of frequencies is con- 
sidered narrow or wide depends on the ratio 
of the bandwidth to the center frequency, ex- 
pressed as a percentage of the center frequency. 
An example of a narrow-band amplifier is the 
i-f amplifier in a broadcast radio receiver. 
The range is about 10 kc with a center fre- 
quency of 450 kc. The bandwidth in this example 
is 2.2 percent of the center frequency. Ex- 
amples of wider-band amplifiers are the i-f 
stages or radar and television receivers which 
may have a range of about 4 mc at a center 
frequency of about 30 mc. In this case the band- 
width is 13.3 percent of the center frequency. 

Untuned amplifiers are not tuned to any 
specific band of frequencies. The circuit com- 
ponents, however, may limit the range of fre- 
quencies that the circuit can handle. All audio 
amplifiers come under this classification. 

DISTORTION IN AMPLIFIERS 

The output of an ideal amplifier is identical 
with the input in all respects except for an in- 
crease in amplitude. This statement does not 
include, of course, the various wave- shaping 
and special-purpose amplifiers. A practical 
amplifier, however, falls short of this ideal. 
Not all frequency components present in the 
input may be amplified equally; the amplitude 
of the output voltage may not be proportional 
to the amplitude of the input voltage, and thus 
new frequencies will be introduced; or the rel- 
ative phases from those of the input. These 
deviations from the ideal are known as FRE- 
QUENCY DISTORTION, AMPLITUDE (or non- 



linear) DISTORTION, and PHASE (or delay) 
DISTORTION, respectively. 

To achieve the special waveforms neces- 
sary in certain radar, television, or test cir- 
cuits distortion is deliberately introduced by 
the amplifier or an associated circuit. In cer- 
tain other circuits, however, less distortion 
of all three types is permitted than would be 
tolerated in the case of broadcast radio ampli- 
fiers. 

FREQUENCY DISTORTION 

When some frequency components of a sig- 
nal are amplified more than others or when 
some frequencies are excluded, the result is 
frequency distortion. Essentially, this type of 
distortion results from bandwidth restrictions 
imposed by the various amplifier circuit com- 
ponents. For example if a coupling circuit 
does not pass the third or higher harmonics 
that are present in the input, the circuit intro- 
duces frequency distortion. 

For purposes of comparison, figure 5- 13, A, 
shows the input and output of a two- stage ampli- 
fier that has introduced frequency distortion. 
The input ei n , contains the fundamental and the 
third harmonic; but the output, e ou t, contains 
only the fundamental since the amplifier is un- 
able to pass the third harmonic. Frequency 
distortion may occur at low frequencies if the 
coupling capacitor between the stages is so 
small that it presents a high series impedance 
to the low-frequency components of a signal. 
Distortion may also occur at high frequencies 
because of the shunting effects of the distrib- 
uted capacitance in the circuit. 

Low- and high-frequency compensation— that 
is, boosting the response of the amplifier at 
the low- and high-frequency ends of the de- 
sired band— is discussed in chapter 6 under 
"Video Amplifiers. 99 

PHASE DISTORTION 

Most coupling circuits shift the phase of 
a sine wave, but this shift has no effect on the 
shape of the output. However, when more com- 
plex waveforms are amplified, each component 
frequency that makes up the overall waveform 
may have its phase shifted by an amount that 
depends on its frequency. Thus, the output is 



BASIC ELECTRONICS 




c 

AMPLITUDE DlS T ORT!-)N 

20.14 



Figure 5-13.— Types of amplifier distortion. 

not a faithful reproduction of the input wave- 
form. 

Figure 5-13,B, shows the input and output 
waveforms of a two- stage amplifier that has 
introduced phase distortion. The input signal, 
e in> consists of a fundamental and a third 
harmonic. Although the amplitudes of both com- 
ponents have been increased by identical ratios, 
the output, e G ut, Is considerably different from 
the input because the phase of the third harmonic 
has been shifted with respect to the fundamental. 

Basically, phase distortion is present when- 
ever the component frequencies in the input of 
an amplifier are not all passed through the 
amplifier in the same length of time. Phase or 
time delay distortion is not important in the 
amplification or reproduction of sound because 
the ear is unable to detect relative phase shifts 
of the individual components. Such distortion, 
however, is important in radar, television, and 
measuring equipment where the waveform must 
be accurately maintained during amplification. 
Phase distortion may be reduced by varying 
the amount or type of coupling. In video am- 
plifiers special coupling circuits are used to 
reduce this distortion 



AMPLITUDE DISTORTION 

If a signal is amplified by an electron tube 
that is not operating on the linear portion of 
its characteristic curve, amplitude (nonlinear) 
distortion will occur. In the nonlinear region 
a change in grid voltage does not result in a 
change in plate current that is directly pro- 
portional to the change- in grid voltage. For 
example, if a tube is overdriven by applying a 
grid signal that drives the tube beyond the 
linear portion of the characteristic curve (non- 
linear distortion) and also to the point where 
the grid draws current (grid- limiting distor- 
tion) the resulting signal is distorted in ampli- 
tude, as shown in figures 5-13,C, and 5-14. 
This type of distortion is to be expected, since 
for a portion of the negative half of the grid 
signal swing the tube operates on a nonlinear 
portion of the characteristic curve, and for a 
portion of the positive swing the grid draws 
current. 
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Figure 5-14.— Distortion in a class A amplifier 
due to excessive signal voltage. 

Beyond the linear portion of the curve, a 
further increase in negative grid potential will 
not cause a proportionate reduction in plate cur- 
rent. On the other half cycle, the positive swing 
of grid voltage (beyond the point where the grid 
draws current) is limited by the loss in voltage 
within the source impedance and no further in- 
crease in plate current can occur. The result 
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of this nonlinearity is the production of harmonics 
that were not present in the input of the ampli- 
fier. This concept can be better understood if 
it is recalled that any complex periodic wave- 
form may be considered as being composed of a 
number of sine waves of different frequencies 
and amplitudes. The sine wave that has the same 
frequency as the complex periodic wave is called 
the FUNDAMENTAL. These frequencies higher 
than the fundamental are called HARMONICS. 
Thus, from the complex waveform is obtained 
a number of harmonics plus the fundamental 
frequency. 

At the higher frequencies, harmonics may be 
reduced by the use of a parallel resonant circuit 
as a plate load, by link coupling, or by filtering. 
At the audio frequency, however, there is an 
overlap of frequencies and filtering is not practi- 
cable. The best solution is to operate the tube 
on the straight portion of the characteristic 
curve for class A operation, or to operate it 
in a push-pull arrangement for class B opera- 
tion. 

Complex waveforms are necessary in cer- 
tain television, radar, and test instrument cir- 
cuits. These waveforms include square, saw- 
tooth, and peaked waves. In each of these 
waveforms the distortions are deliberately 
introduced. The circuits for producing these 
distorted waveforms and an analysis of non- 
sinusoidal waves and transients are treated in 
a later chapter of this course. 



MISCELLANEOUS DISTORTION 

HUM is a type of distortion particularly 
objectionable in audio- and video- frequency 
amplifiers. It may be caused by alternating 
current in the filaments or heaters of the am- 
plifier tubes by stray electromagnetic or elec- 
trostatic fields, or by insufficient filtering of 
the power supply. A center-tapped resistor 
across the filament terminals to which the grid 
return is connected may reduce hum at the 
power frequency. On the other hand, the elimi- 
nation of hum due to cyclic variations in fila- 
ment temperature, at twice the power frequency, 
is largely a design problem. The elimination of 
hum in heater- type tubes is also largely a design 
problem, although, as in the case of filament- type 
cathodes, the a-c leads may be twisted together 
and placed in positions that cause the least 
magnitude of induced voltages in the signal cir- 
cuits. 

It is important to return the grid and plate 
circuits of atubetoapoint in the exact electrical 
center of the filament circuit, as shown in fig- 
ure 5- 15, A. In this figure the resistance of the 
resistor is high with respect to the resistance 
of the filament, so that most of the current 
flows through the filament. Tapping the re- 
sistor at its electrical center is essentially 
the same as tapping the filament at its electrical 
center. 
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Figure 5-15.— Filament connections for reducing hum. 
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In figure 5-15,B, the grid return path may be 
traced through the two halves of the center- 
tapped filament winding simultaneously outward 
from the center tap to the two ends of the wind- 
ing. At any instant the a-c filament voltage 
makes the grid more negative with respect to 
one end of the filament and less negative with 
respect to the other. The increases and de- 
creases from one end of the filament to the other 
tend to cancel each other and therefore the bias 
(cathode-to-grid potential) remains the same. In 
figure 5-15,C, the same action takes place ex- 
cept that cathode bias is developed across the 
resistor connected between center tap and 
ground. 

The magnetic field set up by the current 
that passes through the heater wires may induce 
a power-frequency hum in other tube elements 
by electromagnetic induction. The effect of this 
coupling can be materially reduced by using 
twisted filament leads. The current in each wire 
flows in opposite directions and the magnetic 
flux fields tend to cancel each other. 

Even though the effects of the fundamental 
frequency of the heater current are essentially 
eliminated by center-tapping the filament, 
another serious problem presents itself— the 
output of the tube will contain an a-c component 
whose frequency is twice that of the fundamental. 
This condition results from the very nature of 
alternating current. The current reaches apeak 
value twice during each cycle— once during each 
direction of current flow. Therefore, twice 
during each cycle the filament is heated to 
maximum temperature and the maximum num- 
ber of electrons is emitted. In order to mini- 
mize this effect, large heavy cathodes are used 
to provide enough thermal inertia to prevent 
the temperature of the filament from changing 
significantly with voltage alternations. 

The undesired effects produced by stray 
fields may be reduced by proper placement of 
transformers; proper shielding of transformers, 
leads and tubes; and arrangement of circuits 
and components so that there will always be a 
low impedance bypass to ground to the undesired 
currents. 

MICROPHONIC EFFECTS are the result of 
slight vibrations in the tube elements. Varia- 
tions in plate current due to these vibrations 
are amplified in each succeeding stage and 
appear in the output of audio and video ampli- 
fiers. These slight displacements of the tube 



elements may be caused either by physical 
vibration of the chassis or by the sound vibra- 
tions emitted by the speaker. 

The obvious remedy is to employ some 
method that will insulate the tube or tubes from 
the vibrating source. Some tubes, however, are 
less susceptible to microphonics than others, 
and occasionally simply replacing a tube will 
cure the trouble. 

NOISE in audio and video amplifiers may be 
caused by faulty contacts, faulty components 
such as resistors or capacitors or THERMAL- 
AGITATION NOISE. Thermal- agitation noise 
occurs because all electrical conductors con- 
tain electrons moving at random Some of these 
electrons move at random even if there is an 
impressed voltage across the conductor. By 
chance at any given instant, more of these 
electrons move in one direction than in another, 
When amplified, the accompanying voltage re- 
sults in thermal- agitation noise. 

Also inherent in electron tubes are other 
noises such as SHOT EFFECT, which results 
from a variation in the rate of electron emis- 
sion from a cathode; GAS NOISE, which results 
from a variation in the rate of production of 
ions; and SECONDARY EMISSION NOISE, which 
results from a variation in the rate of produc- 
tion of secondary electrons. There are also 
other variations that produce noise in the out- 
put of a receiver. 

In the final analysis tube noise is the lim- 
iting factor that determines the ultimate sensi- 
tivity of an amplifier, 

COUPLING METHODS 

A single stage of voltage or power amplifica- 
tion normally is not sufficient for radio or radar 
applications. To obtain the necessary gain, 
several stages must often be connected together. 
The output of one stage then becomes the input 
of the next throughout the series of stages and 
this arrangement is called a CASCADE AM- 
PLIFIER. 

A cascade amplifier is designated according 
to the method used to couple one amplifier stage 
to the next. There are a number of methods each 
having certain advantages and disadvantages and 
the choice for a particular application depends 
on the needs of the circuit. The basic methods 
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are: (10) resistance- capacitance coupling; (2) 
impedance coupling; (3) transformer coupling; 
and (4) direct coupling. 

Before considering the details of each cou- 
pling method it is desirable to establish the 
equivalent circuit of an electron- tube amplifier. 
The characteristics of an amplifier are de- 
termined more readily by replacing the tube 
with its equivalent circuit and analyzing this 
circuit. 

RESISTANCE-CAPACITANCE COUPLING 

One of the most widely used methods of con- 
necting amplifier stages is R-C coupling. Am- 
plifiers coupled in this manner are relatively 
inexpensive lack heavy components have good 
fidelity over a comparatively wide frequency 
range, are relatively free from undesirable 
induced currents from a-c heater leads, and 
are especially suitable for use with pentodes 
and high-mu triodes. 

A resistance- capacitance coupled ampli- 
fier (generally shortened to resistance- coupled 
amplifier) can be designed to have good re- 
sponse for almost any desired frequency range. 
For instance it can be designed to give fairly 
uniform amplification of all frequencies in the 
range from 100 to 20,000 cps. Slight modifica- 
tion of the circuits can extend the frequency to 
cover the wide band required in video ampli- 
fiers. However, extension of the range can be 
obtained only at the cost of reduced amplifica- 
tion over the entire range. Thus the R-C method 
of coupling amplifiers gives a good frequency 
response with minimum distortion, but it also 
gives low amplification. 

Typical resistance- coupled amplifiers are 
shown in figure 5-16, together with the names 
of the various circuit elements. 

In the triode shown in figure 5- 16, A, the d-c 
grid circuit includes G, Rl , R2, and K; and the 
a-c grid circuit includes G, Rl, C2, and K. In 
the pentode in figure 5-16,B, the d-c screen 
circuit includes SC, R6, R4, E b , R2, and K; and 
the a-c circuit includes SC, C5, C2, and K. In 
each case the d-c plate circuit includes P, R3, 
R4, E b , R2, and K; and the a-c plate circuit 
includes P, R3, C3, C2, and K. 

In order that the output voltage may be large, 
the load resistor should have as high a value 
as practicable. However, the higher this value 
becomes, the greater is the voltage drop across 
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Rl— Grid-leak 
resistor. 

R2— Cathode bias 
resistor. 

R3— Plate load re- 
sistor. 

R4— Plate decoupling 
resistor. 

R5— Second-stage 
grid resistor. 

R6— Screen dropping 
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CI— Input coupling. 
C 2— Cathode bypass 

capacitor. 
C3— Plate supply bypass 

capacitor. 
C4— Output coupling 

capacitor. 
C 5— Screen bypass 

capacitor. 



Figure 5-16.— Typical resistance-coupled 
amplifiers. 

it and the lower is the voltage remaining between 
the plate and cathode of the tube. To obtain the 
required effective plate voltage, the voltage drop 
across the load resistor is subtracted from the 
plate supply voltage. Thus there is a practical 
limit to the size of the plate load resistor if the 
plate is to be supplied with its rated voltage. If 
a larger plate resistor is necessary, the only 
alternative is to increase the plate supply volt- 
age. There is, of course, a practical limit to 
the amount that the plate voltage may be in- 
creased. An example of the d-c voltage distri- 
bution around the plate circuit is shown in fig- 
ure 5-17. The plate current is 6 ma and the 
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voltage across the 30 k-ohm load resistor is 
6 x 30 or 180 volts. The voltage drop across 
the 500-ohm cathode resistor is 0.006 X 500 
or 3 volts which provides the grid bias for the 
tube. The plate-cathode voltage is theB-supply 
voltage less the drop through Rl and Rk, or 
300 - 180 - 3 = 117 volts. 
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Figure 5-17.— Plate-circuit voltage 
distribution. 



The screen resistor, R6, in figure 5-16,B, 
has the necessary voltage drop across it so that 
when this drop is subtracted from the B- supply 
voltage, the rated screen voltage will remain. 
The value of the cathode resistor, R2, is de- 
termined by the grid bias required and the no- 
signal plate and screen currents. For the range 
of frequencies to be amplified, the cathode bypass 
capacitor, C2, has a low reactance to the a-c 
component of plate current in comparison with 
the resistance of R2. The decoupling (or filter) 
circuit, C3R4, tends to prevent the a-c component 
of plate current from flowing through the B sup- 
ply because R4 offers a high series resistance 
and C3 offers a low shunt reactance to the a-c 
signal component. 

Typical frequency response curves for an 
R-C coupled audio amplifier are shown in fig- 
ure 5-18. The response is measured in terms 
of the voltage gain of the amplifier over a range 
of frequencies. The voltage gain is the ratio of 
e 0 to es. The gain falls off at very low fre- 
quencies because of the increase in the capacitive 
reactance of the interstage coupling capacitor, 
C c (fig. 5- 19, A). This capacitor acts in series 
between the source and the load and has developed 
across it an increasing part of the signal voltage 
as the frequency is decreased. 
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Figure 5-18.— Gain vs frequency of an R-C 
coupled amplifier for various plate loads. 



The reduction in gain at the higher frequen- 
cies is caused by the shunting effect across load 
resistor Rl of the output capacitance, Co, of one 
stage, the input capacitance (Ct)of the next stage, 
and the distributed capacitance (Cd) of the 
coupling network. The combined effect of these 
capacitances is to increase the part of the total 
signal voltage that is developed across the in- 
ternal resistance, r p , of the generator (fig. 
5-19,B) and to decrease the part that appears as 
output voltage, e 0 ut 

Middle- Frequency Gain 

The middle-frequency gain is flat and in the 
example in figure 5-18 is assumed to extend 
approximately from 100 to 200,000 cps. The 
equivalent circuits shown in figure 5-20 rep- 
resent the active circuit components and their 
connections for the middle-frequency range. 
Figure 5-20, A, illustrates the constant-voltage 
generator form and figure 5-20,B, the constant- 
current generator form. The reactance of the 
coupling capacitor, C c , is low at the middle 
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Figure 5 19.— Single-stage resistance- coupled 
amplifier and equivalent circuit. 

frequencies and thus is omitted between Rl and 
Rgj. The reactances of the shunting capaci- 
tances, C 0 , Ci, and Cd, are high at the middle 
frequencies and so they too are omitted from the 
equivalent circuit. Thus the equivalent circuits 
are reduced to include only the generator, r p , 
RL, and Rgi. The amplification is independent 
of frequency, and a flat response may be ex- 
pected. 

In the constant- voltage generator form (fig. 
5-20, A), the a-c component of plate current is 



l P= r 



//e s 



p * R eq 



^vhere R e q is the combined resistance of Rl and 
Rgl in parallel. The output voltage across R e q is 



e o = ip R eq 
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Figure 5-20.— Middle-frequency equivalent 
circuits. 



For example, if the triode has an ampli- 
fication factor of 20, a plate resistance of 10 
k-ohms, a plate load resistance of 50 k-ohms, 
and a following stage grid-leak resistance of 
100 k-ohms, the middle-frequency voltage gain 
is 
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In the constant- current generator form (fig. 
5-20,B), the output voltage appearing across 
r pi RLi »nd Rgl in parallel is 

1 
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Substituting 

f^s 

and gm = r~ 

1 

The voltage gain is 

e Q 1 

e s = gm J_ + J_ + _L 
r p *L + R gl 

For example, if an R-C coupled pentode has 
a plate resistance of 1 megohm, a plate-load re- 
sistance of 0.125 megohm, a following stage grid- 
leak resistance of 0.25 megohm, and a trans- 
conductance of 900 micromhos, the 
middle-frequency gain is 

— = 900X10" 6 X 1 

e s _] 1 1 

1X10 6 + 0.125X10 6 + 0.25X10 6 

= 900X10- 6 X Ip6 
1+8+4 

= 69.4 

The voltage gain of 69.4 is less than 10 percent 
of the amplification factor of the pentode because 
the combined resistance across which the output 
voltage appears is less than 10 percent of the 
pentode plate resistance. 

Low- Frequency Limit 

In the lower range of frequencies amplified 
by an R-C coupled amplifier, C Q , C<j, Cj, are 
unimportant and are omitted from the equivalent 
circuit since the X c ohms are high and are in 
parallel with Rl and Rgl. The reactance of 
coupling capacitor C c , however, becomes in- 
creasingly important at the low frequencies and 
cannot be neglected. A low-frequency equivalent 
circuit is shown in figure 5-21. 

Since X c varies inversely with frequency 
more of the total voltage, /*eg, appears across 
C c and less across Rgi as the frequency de- 
creases. The approximate frequency at which 
the output voltage falls to 70 percent of its 
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Figure 5-21.— Low-frequency equivalent 
circuit. 

(middle frequency) value is the frequency at 
which X c of the coupling capacitor is equal to 
Rg]. The approximation is applicable to triode 
amplifiers. The low-frequency limit is derived 
as follows, 

X c = R gl 



2 »C c R gl 

For example, an R-C coupled triode amplifier 
has a coupling capacitor of 0.04 f and 
a following- stage grid-leak resistor of 100,000 
ohms. The low-frequency limit is 

f = 2^X0.04X10-6x10-5 
= 39.8 cps 

The low frequency limit of approximately 40 cps 
is the frequency at which the output voltage is 
70 percent of its middle-frequency value. 

Increasing the size of C c lowers the fre- 
quency response (increases the number of low- 
frequencies) of the amplifier but there is a 
practical limit. This limit is caused by a 
type of regeneration that may occur between 
several R-C coupled stages supplied by a 
common plate and screen power source. Such 
regeneration is called MOTOR BOATING and 
occurs when the B-supply source impedance is 
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relatively high compared with the Xc ohms of 
the interstage coupling capacitors. This action 
is described in Chapter 8 in connection with 
relaxation oscillators. 

High- Frequency Limit 

In the high-frequency range the shunting 
capacitances, C 0 , Cd, and Ci, of the general 
equivalent circuit (fig. 5-19,B,) become signifi- 
cant. These capacitances limit the output voltage 
at high frequencies. In figure 5-22 these paral- 
lel capacitances are combined and designated 
"C s „" The high-frequency limit (arbitrary) is 
the frequency at which the output voltage falls 
to 70 percent of its value at the middle fre- 
quencies. This limit occurs at the frequency 
at which the X c ohms of the shunting capaci- 
tance, C s , is equal to the combined resistance 
of r p , Rl, and Rgi in parallel. Thus 

1 R 

2»fC s = Kec * 

and 

f = 

2*C s R e q 

For example, an R-C coupled pentode ampli- 
fier has a plate resistance of 1 megohm, a load 
resistance of 0.125 megohm, a grid-leak resist- 
ance of 0.25 megohm, and a shunting capaci- 
tance of 100 fijii* The combined resistance of 
r pi R L> anc * Rgl In parallel is 

R eg (in megohms) ^ p ~ 

T + 0.125 + 0T25 

* 1 
1+844 

= jj*= 0.077 megohm 

The high-frequency limit is 

f = 1 

6.28X100X10" 12 X0.077X10 6 

= 20,700 cps 

The high-frequency limit of approximately 21 ,000 
cps is the frequency at which the output voltage 
falls to 70 percent of its middle- frequency value. 
The upper-frequency limit may be extended by 
using tubes having low interelectrode capaci- 
tances. The upper limit may also be extended 
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Figure 5-22.— High-frequency equivalent 
circuit. 

by reducing Rl, but at the expense of mid- 
frequency gain. 

Wide-band R-C coupled amplifiers are 
characterized by many stages having relatively 
low gain per stage, large coupling capacitors 
between stages, and low-shunting capacitances. 

IMPEDANCE COUPLING 

Impedance or inductance-coupling cou- 
pling is obtained by replacing the load resistor, 
Rl, of a normal R-C coupled amplifier with an 
inductance, L, as shown in figure 5-23. To ob- 
tain as much amplification as possible, partic- 
ularly at the lower frequencies, the inductance 
is made as large as practicable. To avoid un- 
desirable magnetic coupling a closed-shell type 
of inductor is used. Because of the low d-c re- 
sistance of the inductor, less d-c voltage ap- 
pears across it. Thus the tube can operate at 
a higher plate voltage. 

The degree of amplification is not uniform 
as it is with the R-C coupled amplifier because 
the load impedance, varies with the 

frequency— that is 

Z L = R+j2*fL 

Since the output voltage appears across Zl> the 
voltage gain increases with the frequency up to 
the point where the shunting capacitance limits 
it. The shunting capacitance includes not only 
the interelectrode and distributed wiring capaci- 
tances found in R-C coupled amplifiers but also 
the distributed capacitance associated with the 
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Figure 5-23.— Impedance -coupled amplifier. 

turns of the inductor. The distributed capaci- 
tance between the turns of the coil greatly in- 
creases the capacitance to ground and plays a 
major part in limiting the use of this coupling 
at the higher frequencies. 

TRANSFORMER COUPLING 

A transformer- coupled stage of amplification 
(fig. 5-24) has certain advantages over other 
types of coupling. The voltage amplification 
of the stage may exceed the amplification of 
the tube if the transformer has a step-up turns 
ratio. Direct- current isolation of the grid of 
the next tube is provided without the need for 
a blocking capacitor; and the d-c voltage drop 
across the coupling resistor, which is neces- 
sary when R-C coupling is used, is avoided. 
This type of coupling is also used to couple a 
high-impedance source to a low- impedance load, 
or vice versa by choosing a suitable turns 
ratio. Also it may be used as a simple means 
of providing phase inversion for a push-pull 
amplifier without the use of special phase in- 
verting circuits. 

Transformer coupling has the disadvantages 
of greater cost, greater space requirement, 
the necessity for greater shielding, and the 
possibility of poorer frequency response at the 
higher and lower frequencies. The voltage gain 
as a function of frequency throughout the range 
in question is shown in figure 5-25. The curve 
shows that the transformer- coupled voltage 
amplifier has a relatively high gain and uniform 
frequency response over the middle range of 



audio frequencies, but poor response forbothlow 
and high audio frequencies. 

Like those of resistance-coupled amplifiers, 
complete equivalent circuits of transformer- 
coupled amplifiers are complex networks. An 
analysis of them can be considerably simplified 
by considering one at a time the equivalent cir- 
cuits for the low, middle, and high frequencies. 

Middle- Frequency Gain 

The primary of transformer T (fig. 5-24, A) 
is connected in the plate circuit of VI and the 
secondary is connected between the grid and 
cathode of V2, An input signal, e s , applied be- 
tween the grid and cathode of VI, appears as an 
amplified plate signal, e p , across the trans- 
former primary. 

At the middle frequencies the reactances of 
the transformer primary inductance, L p , and 
secondary distributed capacitance, C s (fig. 5- 
24,B) f are sufficiently high to be considered as 
open circuits and there is no loss of signal 
voltage in the plate resistance of VI. Thus jxe s 
is equal to e p . The secondary output voltage, 
ei, applied to the input of V2, is equal to Ne p 
or uNeSf where N is the secondary-to-primary 
transformer turns ratio. 

The simplified equivalent circuit applicable 
to the middle frequencies is shown in figure 5-26. 
In this figure the primary inductance and second- 
ary distributed capacitance have been omitted 
and resistor r r p includes the plate resistance 
and the primary winding resistance in series. 
The transformer leakage reactances are negli- 

e. 

gible and the output voltage, _ i, is equal tOA<e s 

N 

since there is no drop through r f p . The middle- 
frequency gain is equal to—, or ^^ 6s = ^N. 

e s e s 

The circuit applies to a class A voltage ampli- 
fier in which no grid current flows during any 
part of the input cycle. 

Low- Frequency Limit 

At the lower frequencies the shunting effect 
of the interelectrode and distributed capacitances 
is even less than it was at the middle frequencies 
(X c varies inversely with the frequency), and 
is omitted in the equivalent circuit shown in 
figure 5-27. The reactance, 2 *fL p , of the trans- 
former primary is reduced at low frequencies. 
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ACTUAL CIRCUIT 
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EQUIVALENT CIRCUIT REDUCED 
TO UNITY TURNS RATIO 
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e s —input signal, 
ep —primary signal voltage, 
ei —input voltage to second tube. 
r p —plate resistance of tube & resistance 
of primary windings. 

H— Amplification factor of tube. 

Lp —incremental inductance of primary. 
L' D — primary leakage inductance. 



L ' s — secondary leakage inductance. 
R' s — resistance of secondary windings. 
C ' s — distributed capacitances of secondary 
circuit. 

N —secondary-to-primary turns ratio of 

transformer, (unity turns ratio assumed 
in the equivalent circuit). 

r p— combined plate resistance and primary 
resistance. 



Figure 5-24.— Single-stage transformer-coupled voltage 
amplifier and equivalent circuit. 




Figure 5-25.— Voltage gain vs frequency of a 
transformer-coupled voltage amplifier. 



Figure 5-26.— Equivalent circuit of transformer- 
coupled voltage amplifier for mid-frequency 
operation. 
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Figure 5-27 k — Equivalent circuit of transformer- 
coupled voltage amplifier for low-frequency 
operation. 

The low frequency at which the gain falls to 
70 percent of the middle frequency gain is the 
frequency at which 2/rfLp is equal to r'p. The 
primary coil resistance is small with respect 
to the plate resistance, rp, and can be neglected. 
Thus r'p = r p# Also, 



(inductance with partial d-c core saturation) 
the better is the low-frequency response. 

High- Frequency Limit 

At the high-frequency end of the band the 
reactance of the primary inductance is high and 
is neglected in the equivalent circuit (fig. 5-28). 
The effect of the shunting capacitance, Cs, is 
appreciable and the output voltage appears 
across it. The leakage inductance of the trans- 
former acts in series with Cs, rp, and the 
winding resistances. 



R s L 3 
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and 

r^ 

P 

For example, an audio voltage amplifier triode 
has an r p of 16,000 ohms and a /i of 8.5. The 
coupling transformer has a step-up voltage 
3 

ratio of — and a primary inductance of 40 
henrys. The low frequency limit is 
, _ 16,000 _ co _ 

The middle-frequency gain is^N, or 8.5X3=25.5. 
Thus the low-frequency limit of 63.7 cps is the 
frequency at which the gain falls to 70 percent 
of 25.5, or about 17.8 (fig. 5-25). 

The decrease in the reactance of the trans- 
former primary inductance causes a falling 
off in gain at the lower frequencies. The falling 
off begins at higher frequencies when high-mu 
tubes having high r p are used. The larger the 
transformer primary incremental inductance 



Figure 5-28.— Equivalent circuit of transformer- 
coupled voltage amplifier for high-frequencv 
operation. 

These factors are included in the equivalent 
circuit for high-frequency operation which is 
similar to a series L-C-R circuit having a low 
Q operating in the vicinity of the series-resonant 
frequency. The plate resistance and the primary 
transformer winding resistance are included in 
r' p and the secondary winding resistance expres- 
sed in terms of the primary side is equal to Rs- 
The total leakage inductance of both windings is 
equal to L s expressed in terms of the primary. 
The shunting capacitance y Cs, is made up of the 
secondary-winding distributed capacitance and 
the input capacitance of the next tube, and is 
expressed in terms of the transformer primary. 

Although the Q of this circuit is relatively low. 
the series resonant effect is sufficiently pro- 
nounced to increase the gain at and near 
resonance unless precautions are taken to pre- 
vent this effect. Above resonance the gain 
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falls off rapidly. Greatest uniformity of gain 
occurs in the high-frequency end of the band 
when the Q of the series-resonant circuit is 
approximately 0.85. 

The high-frequency limit is in the vicinity 
of the series-resonant frequency, which is de- 
termined by the transformer leakage inductance 
and the effective shunting capacitance. 

For example, the high-frequency end of the 
band of a transformer-coupled amplifier in 
which the leakage inductance of the transformer 
is 0.4 henry and the shunting capacitance is 
1,500 micromicrofarads is 

i 

0 277%/LTC" 

v s s 

1 

= 6.28V0.4Xl,500xt0- lz 
= 6,460 cps 

Above this frequency the gain falls off 
rapidly because of the decrease in reactance of 
the shunting capacitance across which the out- 
put voltage is developed and also because of the 
increase in reactance of the leakage inductance 
in series with the output. Good high-frequency 
response is obtained by using a transformer 
having a small distributed capacitance. This 
effect is obtained by using a low secondary-to- 
primary turns ratio which means a limited 
voltage gain, and a small transformer which 
means a poor low-frequency response. Thus 
transformer coupling is a compromise between 
high gain and good high-and low-frequency re- 
sponse. 

DIRECT COUPLING 

In each of the coupling circuits that have been 
considered so far, the coupling device isolates 
the d-c voltage in the plate circuit of one tube 
from the grid circuits of the next tube; but they 
are designed to transfer the a-c component with 
minimum attenuation. 

In a direct-coupled amplifier, on the other 
hand, the plate of one tube is connected directly 
to the grid of the next tube without going through 
a capacitor, a transformer, or any similar 
coupling device. This arrangement presents a 
problem of voltage distribution. Since the plate 
of a tube must have a positive voltage with 



respect to its cathode, and the grid of the next 
tube must have a negative voltage with respect 
to its cathode, it follows that the two cathodes 
cannot operate at the same potential. Proper 
voltage distribution is obtained by a voltage 
divider, as shown at A,B,C,D, and E in figure 
5-29. In this amplifier the plate of VI is con- 
nected directly to the grid of V2. The grid 
of VI is returned to point A through Sgj. The 
cathode of VI is returned to point B and the 
cathodes cannot operate at the same potential. 
Proper voltage distribution is obtained by a 
voltage divider, as shown at A,B,C,D, and E in 
figure 5-29. In this amplifier the plate of VI 
is connected directly to the grid of V2. The 
grid of VI is returned to point A through Rgi. 
The cathode of VI is returned to point B and the 
grid bias for VI is developed by the voltage drop 
between points A and B of the voltage divider. 
The plate of VI is connected through its plate 
load resistor, Rl, to point D on the divider. Rl 
also serves as the grid resistor for V2. 




OUTPUT 
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Figure 5-29.— Direct-coupled amplifier. 

Since the plate current from VI flows through 
RLi a certain amount of the supply voltage ap- 
pears across Rl. The amount of voltage de- 
veloped across Rl must be allowed for in 
choosing point D on the divider. Point D is so 
located that approximately half of the available 
voltage is applied to the plate of VI. The plate 
of V2 is connected through a suitable output 
load, R, to point E, the most positive point on 
the divider. Since the voltage drop across Rl 
may place too high a negative bias on the grid 
of V2, it may be necessary to connect the 
cathode of V2 at point C, which is negative with 
respect to point D, in order to lower the bias 
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on the grid of V2 (since the voltages across 
RL and CD are in opposition). Point C, together 
with the value of R, determines the proper voltage 
for V2. 

The entire circuit is a complex resistance 
network that must be adjusted carefully to obtain 
the proper plate and grid voltages for both 
tubes. If more than two stages are used in 
this type of amplifier, it is difficult to achieve 
stable operation. Any small changes in the 
voltages of the first tube will be amplified 
and will thus make it difficult to maintain 
proper bias on the final tube connected into 
the circuit. Because of the instability thus 
encountered, direct-coupled amplifiers are 
practically always limited to two stages. Fur- 
thermore, the power supply must be twice that 
required for one stage. 

One method of supplying the range of voltage 
needed is to use a power supply which provides 



approximately equal amounts of both positive and 
negative voltages with respect to ground. This 
allows cascading without necessitating exces- 
sively high plate supply voltages. In figure 
5-29, either point C or point D might properly 
be tied to ground potential. 

When the tube voltages are properly adjusted 
to give class A operation, the circuit serves as 
a distortionless amplifier whose response is 
uniform over a wide frequency range. This 
type of amplifier is especially effective at the 
lower frequencies because the impedance of the 
coupling elements does not vary with the fre- 
quency. Thus a direct-coupled amplifier may- 
be used to amplify very low frequency variations 
in voltage. Also, because the response is prac- 
tically instantaneous, this type of coupling is use- 
ful for amplifying pulse signals where all dis- 
tortion caused by the coupling elements must be 
avoided. 
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ELECTRON-TUBE AMPLIFIER CIRCUITS 



DIRECT-CURRENT AMPLIFIERS 

OPERATION 

Direct- current amplifiers are used to amplify 
changes in direct current or voltage as well as 
very-low-frequency voltages. One of its most 
important uses is that of a d-c electron-tube 
voltmeter (to be described later). 

The simplest form of d-c amplifier consists 
of a single tube with a grid resistor across 
the input and a load connected in the plate 
circuit. The load may be an electromechanical 
device such as a meter, relay, or counter; 
or the output may be used to control the gain 
of an amplifier or the frequency of an oscillator, 
as in the automatic-frequency- control circuits 
of microwave receivers. 



The d-c voltage change to be amplified is 
applied directly to the grid of the amplifier 
tube. Therefore, direct coupling (fig. 6-1, A) 
is required in the input circuit. A capacitor- 
input circuit (fig. 6-1, B) is also shown to 
indicate how the capacitor blocks the d-c 
signal. 

In the capacitor-input circuit of figure 6-1, B, 
graphs of the signal voltage, grid voltage, 
and plate current are shown above the circuit. 
The applied d-c voltage charges the capacitor, 
and momentarily the voltage drop across Rg 
equals the applied voltage; and this voltage 
then appears between the grid and cathode of 
the tube. However, when the capacitor is 
charged up to the value of the d-c input voltage, 
the current stops flowing through Rg and the 
grid reverts to its original value, that of the 
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Figure 6- 1.— Comparison of direct input and capacitor input to d-c amplifier. 
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bias voltage. Thus, except for ttu original 
surge of plate current, which occurs when the 
capacitor is charging, there is no increase in 
voltage across Rl and hence no amplification. 

In the direct- coupled input circuit of figure 
6-l,A, the graphs of input signal, grid voltage, 
and plate current are shown above the circuit. 
The input signal is like that in figure 6-l,B, 
but here the similarity ends. With no input 
signal the negative bias voltage is present on 
the grid of the tube and a steady value of plate 
current flows. This action causes a fixed 
voltage drop across Rl. When a direct voltage 
of the polarity indicated is applied across the 
input terminals, there is no blocking action by 
a capacitor as in the previous case. Instead, 
the applied signal continues as a steady voltage 
drop across Rg canceling a portion of the 
negative bias. The net bias then drops to the 
new value indicated in the grid-voltage graph. 
This reduction in grid bias causes a greater 
current flow in the plate circuit, and thus a 
greater drop appears across Rl. Thus, the 
increase in plate current is sustained as long 
as the input signal voltage exists at the corre- 
sponding level that caused the plate current to 
increase. 

USE 

As previously mentioned, one of the most 
important applications of a d-c amplifier is 
its use as a d-c electron-tube voltmeter. A 
typical circuit, equivalent to the one in figure 
6-1, A, is shown in figure 6-2. 
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Figure 6-2.— D-c amplifier used as an 
electron-tube voltmeter. 

The d-c voltage to be measured is applied 
via the range switch to one of the three taps 
on the voltage divider which is made up of 



Rl, R2, and R3„ The purpose of resistor R4 
is to prevent damage to the tube in the event 
that too high a voltage is applied to the input. 
In the plate circuit an additional d-c voltage 
and two resistors, R5 and R6, are used to 
balance the meter current to zero when no 
voltage is applied to the input. One of the 
resistors, R5, is variable and permits zero 
adjustment of the meter under no-signal con- 
ditions by bucking out the voltage applied across 
the meter by Eb» 

If a d-c voltage is then applied to the input, 
current flows through the meter. This current 
is proportional to the applied voltage and its 
value can be read directly on the calibrated 
scales (one for each range) of the meter. 
Various modifications permit this basic circuit 
to be used for measuring other quantities, 
or even to be incorporated in a multitester. 

Another important application of the d-c 
amplifier is shown in figure 6-3. Here the 
amplifier is employed in two of the legs of a 
bridge circuit that is used to show the exact 
point of balance between two d-c voltages. 
If the tubes are properly matched and if there 
is no input signal between terminals A and B 
or B and C, no current flow is indicated through 
the meter since the IR drops across Rl and 
R2 are equal. When unequal signals of the 
polarity indicated are applied between A and 
B and between B and C, the grid- to- cathode 
voltages of the two tubes are unbalanced. 
This action unbalances the plate currents and 
the IR drops across Rl and R2. Thus the 
bridge becomes unbalanced and the two d-c 




Figure 6-3. — Balanced d-c amplifier. 
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voltages may be compared if they are applied 
simultaneously with the polarities indicated. 

The amount of current indicatedby the meter 
is proportional to the difference between the 
two applied voltages. Since the meter has its 
zero position in the middle of the scale, the 
direction that the needle swings indicates which 
voltage is greater. This type of amplifier 
circuit has many radio and radar applications. 

FEEDBACK AMPLIFIERS 

As the term implies, a voltage feedback 
amplifier transfers a voltage from the output 
of the amplifier back to its input. If the 
signal is fed back in phase with the input signal 
it is called POSITIVE, DIRECT, or REGENER- 
ATIVE feedback because it adds to the voltage 
of the input. If the signal fed back to the 
input is 180° out of phase with the applied 
signal is called NEGATIVE, INVERSE, or 
DEGENERATIVE feedback because it subtracts 
from the input voltage. Positive feedback is 
used in oscillators. Negative feedback is used 
in amplifiers to prevent self-oscillation and to 
provide a more uniform output with changes in 
tube characteristics. 



PRINCIPLE OF THE FEEDBACK 
AMPLIFIER 

The principle of the feedback amplifier may 
be understood in part from a consideration of 
figure 6-4. A signal voltage, es, is applied 
to the input terminals, as shown in the figure. 
Let a portion, /3 e , of the output voltage, e , 
be fed back in series with e s in such a way 
that the signal, e^fc, appearing between the grid 
and cathode is of the form 



+ o- 
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Figure 6-4. - Feedback employing series 
injection. 

Substituting the value of eg^ from equation (6-1) 
in equation (6-2) we have 

e = A(e s + £e 0 ) 



and solving for e 0 , 



e o = Ae s + /SAe 0 

e 0 -/3Ae 0 = Ae s 

e o (l-0A)= Ae s 

Ae s 
e o"T^8A 

NEGATIVE FEEDBACK 



(6-3) 



If /3A is greater than 1, the quantity 1-#A 
is negative and the resulting amplification is less 
than it would be without feedback. Thus the 
amplification is said to be negative or degener- 
ative. 

The resulting gain, A r (with feedback con- 
sidered), is 



= e. 



£e 0 



(6-1) 



A r - 



^0 



where 6 is a fractional part of e G . 

Since the normal gain, A, of the amplifier 
is defined as 



A =- 



'gk 



then by transposing we have 



e 0 ^ Ae 



(6-2) 



Substituting equation (6-3) in the above expres- 



sion. 



A r = 



A e s 
1-/3A 



1-/3A 



The resulting amplifier gain is expressed 
in terms of the gain without feedback, A, and 
the fraction of the output,/?, fed back to the 
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input. A r , A, and /3 may be complex quantities. 
Generally the feedback factor, /9A, is so much 
larger than 1 that the resulting amplification, 
A r , for all practical purposes may be expressed 
as 

A ---L 

A r~ 0 

Advantages 

Negative feedback may be used to reduce 
the nonlinear distortion— that is, to make the 
output waveform more nearly similar to the input 
waveform by reducing nonlinearities that are 
introduced within the amplifier tube itself. This 
use may be understood by the following 
considerations: 

The input signal applied to the grid of an 
electron-tube amplifier is amplified by an 
amount determined by the fi of the tube, but 
any nonlinearities introduced within the tube are 
not amplified. If a portion, /?A, of the output 
is fed back 180° out of phase "with the input, 
the distortion component of this feedback voltage 
will be amplified along with the input signal. 

The amplified distortion component will tend 
to cancel the distortion component introduced 
within the tube, and the output maybe practically 
free of nonlinear distortion. It is necessary 
that the distortion occur in the plate circuit of 
the stage across which negative feedback is 
to be applied, in order to separate the distortion 
from the desired signal. 

However, the overall gain of the desired 
signal will also be reduced; but increasing the 
number of stages compensates for this reduction. 
Distortion caused by the flow of grid current 
cannot be corrected by negative feedback be- 
cause this distortion occurs at the source and 
not within the amplifier tube. 

Noise introduced within an amplifier may be 
reduced by negative feedback in the same manner 
that nonlinear distortion is reduced; and the 
same limitations apply— that is, for feedback to 
be effective, the noise to be canceled out must 
be generated in a tube around which the feedback 
is applied. Thus, thermal agitation, induced 
hum, microphonics, and shot effects introduced 
in the early stages of a receiver cannot be 
reduced by negative feedback unless the feedback 
is applied at these stages. 

Negative feedback in these stages would not 
be practical because the amplification, particu- 

134 



larly at the high frequencies encountered inmost 
radar receivers, is low, and negative feedback 
would reduce it even more. Additional stages, 
each with its own circuit noises, would have 
to be added to make up for the reduced gain. 
Negative feedback is very effective, however, 
in reducing noises, particularly hum introduced 
in the high-level (high-power) stages of an 
amplifier. If that part of the output voltage 
fed back to the input is obtained by a resistance 
network, the resulting amplification is essen- 
tially independent of frequency. 

When it is desired to have the amplification 
vary in some specific manner with respect to 
frequency, the negative feedback network through 
which /Sis obtained may be designed to attenuate 
the frequencies desired in the output of the 
amplifier. For example, if the high frequencies 
are to be amplified more than the low frequencies, 
the high frequencies must be attenuated in the 
feedback network more than the low frequencies. 
Only the low frequencies will be fed back to 
the grid in phase opposition to the input signal 
and will therefore be reduced in the output. 

The overall gain of a negative feedback 
amplifier can be made substantially independent 
of the magnitude of the load impedance provided 
the load impedance does not interfere with the 
feedback signal. This may be understood if 
it is assumed, for example, that as the effective 
load resistance is reduced, the a-c component 
of the plate voltage tends to decrease. Accord- 
ingly, there is less negative feedback and the 
amplitude of the grid signal is increased. Thus, 
the increased signal offsets the tendency of 
the output voltage to drop and the overall gain 
is approximately constant. On the other hand, 
if the effective resistance of the load is increased, 
the a-c component of plate voltage will tend to 
increase and the negative feedback will increase. 
Thus, the amplitude of the grid signal is 
decreased and the tendency for the output voltage 
to rise is checked. Again, the overall gain is 
held approximately constant. 

Since the gain is proportional only to the 
feedback factor, the gain is independent also 
of such factors as variations in supply voltages 
or the aging of tubes. 

In negative -feedback, amplifiers nonlinear 
distortion, noise originating within the tube, and 
frequency distortion may be reduced. In other 
words, amplitude and phase characteristics can 
be corrected by negative feedback. Likewise, 
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the effects of variations in loads and plate 
voltage supply, as well as the effects of tube 
aging, may be effectively counteracted. The 
price paid for these advantages is a reduction 
in gain— that is, an increase in the number of 
stages. 

Methods of Obtaining Negative Feedback 

In a practical amplifier, negative feedback 
may be obtained in a number of ways. It 
may involve one or two stages, and in rare 
instances more than two stages. Also, it may 
use voltage feedback, current feedback, or a 
combination of voltage and current (compound) 
feedback. 

Voltage feedback is obtained by a voltage 
divider network, C1R1R2, as shown in figure 
6-5. In this circuit a part of the output voltage 
appearing across the primary of the output 
transformer, T2, is fed back through the coupling 
network, C1R1, in series with the secondary 
of the input transformer, Tl, as the voltage 
drop across R2. 

To analyze the action, assume that the input 
signal causes the grid voltage to swing in a 
positive direction. The plate voltage falls as 
plate current increases. During this time, 
capacitor CI discharges through Rl andR2. The 
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voltage drop across R2 has a polarity that makes 
the top end of R2 negative with respect to 
ground. Thus, the voltage across R2, is in 
phase opposition with respect to the secondary 
voltage of Tl. The grid- cathode signal is 
therefore equal to the difference in the secondary 
voltage of Tl and the feedback voltage across 
R2. 

Another method of obtaining negative feed- 
back is illustrated in figure 6-6. This method 
employs current feedback. Here the cathode 
resistor bypass capacitor has been omitted. 
The degenerative action may be analyzed as 
follows: Assume that the input signal swings 
the grid voltage in a positive direction. The 
increase in plate current causes an increase 
in the voltage drop across Rk. Since Rk is 
not bypassed, plate circuit signal currents 
flowing through Rk will add to the bias produced 
by the no-signal component. The grid-to- 
cathode voltage on the positive half cycle is 
equal to the difference in the input and the drop 
across Rk. The magnitude of the grid voltage 
swing in a positive direction is not as great as 
it would be without feedback because the drop 
across Rk is increased. 

Similarly on the negative half cycle the input 
signal swings the grid voltage in a negative 
direction and plate current decreases. The 
decrease in current through Rk causes a 
a decrease in the voltage across Rk- During 




Figure 6- 5. -Degenerative amplifier employing Figure 6-6. -Degenerative amplifier employing 
voltage feedback. current feedback. 
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this half cycle the grid-to-cathode voltage is 
equal to the sum of the input voltage and the 
drop across Rfc. The magnitude of the negative 
swing of grid voltage is less than it would be 
without feedback because the drop across R^ 
is less. 

The fact that an output voltage, opposite in 
phase to the input voltage, may be developed 
across an unbypassed cathode resistor is used 
in designing cathode followers and phase in- 
verters. These circuits are considered later 
in this chapter. 

If proper phase relations are established, 
negative feedback involving more than one 
stage may be used. Figure 6-7 shows a 2- 
stage negative feedback amplifier using voltage 
feedback. In this case, special attention must 
be paid to the phase relations throughout the 
circuit. 

Rl Ct 
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Figure 6-7. — Degenerative 2-stage amplifier 
employing voltage feedback. 

Assume that at a given instant the input 
voltage makes the grid of VI less negative. 
Plate current then increases in VI and the 
plate voltage decreases, causing the grid of 
V2 to become more negative. At the same time 
the plate of V2 becomes more positive because 
of the reduction in plate current. This increase 
in potential causes an increase in the charge of 
CI. The charging current flows from ground 
up through R2 and Rl to the left plate of CI, 
making the top end of R2 more positive with 
respect to ground. The increase in voltage 
across R2 acts in series with the input and 
the bias across Rk to reduce the magnitude 
of the positive- going signal impressed on the 
grid. In short, the grid input signal is reduced 



by the amount of the feedback voltage because 
these two voltages are 180° out of phase. 

Various combinations of voltage and current 
feedback circuits may be employed to satisfy 
specific requirements. Thus, a compound feed- 
back using both current and voltage feedback may 
be used in a single stage, or current feedback 
may be used in one stage of a 2-stage amplifier 
section, and in addition/ voltage feedback may 
be used between the stages. 

POSITIVE FEEDBACK 

If the quantity 1-/3A is less than 1, the 
gain of the amplifier is increased over what 
it would be without feedback, and the amplifier 
is said to be positive or regenerative. Under 
these conditions the response curve is sharpened 
and the gain is increased, but the frequency 
range of uniform response is reduced. Thus, 
positive feedback affords both an increase in 
gain and an increase in selectivity. 

The increase in gain, however, is accom- 
panied by an exaggeration of any undesirable 
distortion or noise that was introduced within 
the amplifier itself. For this reason positive 
feedback is not used if a distortionless output 
is required. If the feedback factor, /?A, is 
increased until it is equal to 1, the quantity 
1-/9 A reduces to 0; and the resulting gain 
theoretically becomes infinite, or at least large 
enough to sustain oscillations. Under this 
condition no input voltage is required to obtain 
an output voltage and the amplifier becomes 
an oscillator. This aspect of feedback is 
discussed in chapter 8. 

TUNED AMPLIFIERS 

A part of the coupling circuit of a tuned 
amplifier is a parallel resonant circuit. These 
circuits are used because they offer high 
impedance at the desired frequency and low 
impedance at other frequencies, permitting 
the amplification of a relatively narrow band 
of frequencies. The final benefit of all sharply 
tuned circuits is the placement of many narrow 
bands (within the space previously held by 
a single-but-wider band of frequencies) which 
are available by selection for several users. 
In addition, the limitations imposed on untuned 
amplifiers by interelectrode and distributed 
capacitances are used to an advantage because 
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these capacitances become a part of the tuned 
circuit. The amplifiers may be single- or 
double-tuned, depending on whether the plate 
circuit only or both the plate and the grid 
circuits contain parallel-tuned circuits. 

The three basic tuned-amplifier circuits are 
shown in figure 6-8. Each circuit has specific 




applications. For example: the single-tuned 
resistance-coupled amplifier (fig. 6-8,A) might 
be used with various modifications to deliver 
energy from a class-C power amplifier; the 
single-tuned transformer-coupled amplifier cir- 
cuit (fig. 6-8, B) might be used as a class-A 
r-f voltage amplifier (preselector) ahead of the 
first detector in a superheterodyne receiver; 
and the double-tuned transformer- coupled 
amplifier circuit (fig. 6-8, C) might be used as 
an intermediate frequency stage of amplification 
between the first and second detectors in the 
superheterodyne receiver. 

A better understanding of how these circuits 
operate may be had if the equivalent circuit 
of each basic amplifier is presented along 
with a brief analysis of the circuit. 

ANALYSIS OF SINGLE-TUNED 
R-C COUPLING 



SINGLE -TUNED RESISTANCE COUPLED 




SINGLE -TUNED TRANSFORMER COUPLED 




The simplified equivalent circuit of figure 
6-8, A, is shown in figure 6-9. In this figure, 
capacitor C includes the capacitance of the tank 
tuning capacitor, stray capacitances, and the 
output and input tube capacitances. The capac- 
itance of the series coupling capacitor is 
large and its impedance is negligible, therefore 
it has been omitted from the equivalent circuit. 
The tank coil, L, resonates with C at the 
desired frequency. The plate resistance, r p , 
of the amplifier stage and the grid leak re- 
sistance, R gt of the next stage are in parallel 



«m e s 




DOUBLE -TUNED TRANSFORMER COUPLED 



20 in 
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Figure 6-9. — Equivalent circuit of a single-tuned 
Figure 6-8. — Basic tuned- amplifier circuits. amplifier— constant- current generator form. 
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with the tank. The amplification or voltage 
gain (A) is 

A e o iZ L gm e s z L 

A « — - ; — = — I = gm^L 

e s e s e s 

where Zl is the combined impedance of the 
parallel circuit. 

At resonance, the impedance of the parallel 
resonant tank, CL, is large and resistive and 
is equal to Q times the reactance of either C 
or L. Therefore, 

R 0 = XlQ = ^LQ = 2 tff 0 LQ 

where Q is the effective value of the tank circuit 
alone (r p and Rg omitted), = 2rrf 0 and f Q is 
the resonant frequency. 

The total impedance of the circuit, including 
the impedance of the resonant tank, CL, in 
parallel with r p and R g is 

7 1 

r p 2*f 0 LQ R g 

multiplying numerator and denominator by 
2rrf 0 LQ 

2rrf 0 LQ 
2rrf 0 LQ 2rrf Q LQ 

■*-«E 

The amplification at resonance becomes 

g m2irf 0 LQ 

1 , 2 ?rf o L Q 2jrfpLQ 
r p R K 

Normally, for the type of tube generally 
used, Rg is high with respect to the impedance 
coLQ, of the resonant tank, and for pentodes, 
r p is very high. 

The approximate amplification maybe expressed 
as 

A = g m 2 rrf 0 LQ 

ANALYSIS OF SINGLE -TONED 
TRANSFORMER COUPLING 



coupled amplifier may be more easily under- 
stood if the following considerations are stated 
first: the voltage induced in the secondary, 
L2 (fig. 6-10) by the primary current, i p , 
is equal to 27rf 0 Mi p , where M is the mutual 
inductance between the primary and the sec- 
ondary. This induced voltage is multiplied by 
a factor, Q, to obtain the output voltage across 
C because of the resonant voltage rise in the 
tuned circuit. 



M 




Figure 6-10. — Equivalent circuit of a single- 
tuned transformer-coupled amplifier— 
constant -voltage generator form. 

The output is now established as 
e Q = Q2r7f 0 Mi p 

Because r p is large with respect to a>Ll and the 
effect of the presence of the tuned secondary 
on the primary is slight (low coupling), the 
primary current is dependent upon ^e s and 

The expression for primary current then be- 
comes 




and, therefore, substituting for i p (in the equation 
for e 0 given above) we get: 



The derivation of an expression for the 
voltage gain of the single-tuned transformer- 
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Since is equal to g m , 
r P 



and 



gain = — = 



e Q = Q2rrf 0 Mg m e s 
e 0 Q2nf 0 Mg m e s 



Q2»f Q Mg m 



Thus, a high-gain amplifier has a low-loss 
tuned circuit and requires a tube having a high 
mutual conductance. 



ANALYSIS OF DOUBLE-TUNED 
TRANSFORMER COUPLING 

As indicated in figure 6-11, the double -tuned 
transformer-coupled amplifier has a band-pass 
characteristic which depends in part on the 
degree of coupling and in part on the circuit 
Q's. 

Under proper operating conditions, essen- 
tially uniform amplification of a relatively 
narrow band of frequencies may be achieved 
and amplification of frequencies outside this band 
may be sharply reduced. 

Since the slope of the response curve is not 
perfectly vertical, the circuit cannot completely 
discriminate against frequencies just outside the 
desired channel without also attenuating to some 
extent the frequencies at the upper and lower 
limits of the pass band. However, double-tuned 
amplifiers approach an ideal band-pass charac- 
teristic much more closely than single-tuned 
amplifiers, which have rounded response curves. 

To find the gain of the double- tuned 
transformer- coupled circuit the concept of 
coupled impedance is used. As previously 
described, the effect of the presence of the 
tuned secondary on the primary is the same as 



if an impedance 



(2 n f Q M)2 



had been added in 



series with the primary. This idea is used in 
the example in figure 6- 12, A. 

In this example the following values are 
given: 

The operating frequency, f 0 , is 260 kc. 

The input signal voltage, e^, is 9.5x10-5 
volts (mis). 

The amplification factor,^, is 1280. 

The mutual conductance, gm, is 1600 
micromhos. 
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Figure 6-11. — Response curves for a double- 
tuned transformer-coupled amplifier. 

The plate resistance, r p , is 800,000 ohms. 

Lj = L2 = 4 x 10-3 henry inductance. 

Qp = Qs " 50 quality, 
k = 0.03 coefficient of coupling. 

Ci = C2 = 94 micromicrofarads. 
Question: Find the output voltage at 260 kc 
and the voltage gain of the stage. 

The problem is simplified by substituting 
an equivalent series circuit (fig. 6-12,B) for 
the original circuit (fig. 6-12, A). After the 
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A 

PENTODE BAND - PASS AMPLIFIER 




B 

EQUIVALENT SERIES CIRCUIT 




C 

CIRCUIT FROM WHICH tp IS DERIVED 
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Figure 6-12. — Circuits used in calculating the 
voltage gain of a pentode i-f band-pass am- 
plifier. 

equivalent values of this circuit are obtained, 
the calculations for output voltage (across 
Co) and voltage induced in the secondary by the 
action of the primarv current are similar to 
those given in chapter 4 on tuned circuits. 

In the original circuit (fig. 6-t2,A), the 
pentode plate resistance acts in shunt with the 
tank, Lj and Cj, and loads it. The effect is 
the same as if an equivalent series resistance 



L had been added in series with the tank and 
r P 

the shunt resistance removed (derived below). 
The equivalent series resistance, R e q, produces 
the same effect on the primary circuit impedance 
(fig. 6-12,B) as the plate resistance, r p , produces 
in figure 6- 12, A. The relation between equiv- 
alent series and shunt resistances was derived 
in the training course Basic Electricity, and 
for circuits in which tan 6-10 or more the 
relation is sufficiently accurate for slide rule 
calculations. The derivation is given again, 
see figure 6-13. 




(A) PARALLEL CIRCUIT (B) SERIES CIRCUIT 




I 



(C) CURRENT VECTORS (0) IMPEDANCE VECTORS 
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Figure 6- 13. — Equivalent parallel and series 
circuits. 

The parallel circuit (fig. 6-13, A) and the 
series circuit (fig. 6-13,B) are equivalent cir- 
cuits. Both circuits present the same impedance 
to the source voltage E. The total current 
in the parallel circuit is equal to the total 
current in the series circuit. Both currents 
lag E by the same phase angle© . The current 
vectors for the parallel circuit (fig. 6-13 f C) 
form a current triangle which is similar to the 
impedance triangle formed by the impedance 
vectors for the series circuit (fig. 6-13, D). 

In the parallel circuit triangle (fig. 6-13,C) 



I t V Ij2 ♦ l 2 2 
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The quantity under the radical is the sum 
of the squares of the currents in the two 
branches. Since Ij is small in relation to 
12 it is possible to neglect Ii under the radical 
sign without introducing appreciable error. For 
example if Ii is 1 ampere and l£ is 10 amperes 

the total current is Vi2 + io2 =JJoi or 10.05 
the error is 0.05 if the current in brajnch 1 
is neglected. An error of 0.05 in 10.05 is an 
error of 5 parts in about 1,000 or 0.5 percent. 
It is not possible to neglect I in the numerator 
because it is the only factor present and its 
use is required to find cos 9 . In this example: 

tanfl=10 (where tan<9=~-) and B is 84.3°. 

If 0 increases beyond 84.3° toward 90°, tanfl 
increases above 10 toward a. large value and 
the error decreases rapidly. Thus, the total 
current is approximately 



I. 



The quantity under the radical is equal to the sum 
of the squares of R e q and Xl. Since R e q is 
small in relation to Xl the same reasoning 
can be applied here as for the current triangle 
(fig. 6-13, C). When tan 9 is 10 or more, 
Xl is 10 or more times as large as R e q 
(fig. 6-13,D) and the impedance of the equivalent 
series circuit is approximately 

Z =JxiJ= XL 
and _ 



cos 9 = 



^eq 



(6-8) 



Because the parallel and series circuits are 
equivalent, cos 6 in equation 6-7 is equal to 
cos 6 in equation 6-8 and the two expressions 
may be equated as follows: 



X L _ R eq 



X L 



(6-9) 



and 



Transposing equation 6-9 and solving for the 
equivalent series resistance 



Cos 0 = -p- 
A 2 

The current in branch 1 is 



h - 



(6-4) 



(6-5) 



(6-6) 



The current in branch 2 is 

h-- 

X L 

(The coil contains negligible resistance and the 
impedance of the coil is equal to the coil 
reactance, Xl) 

Substituting equations 6-5 and 6-6 in equation 
6-4, 

E 

r X 

Cos0=JL = _ (6-7) 

In the equivalent series circuit triangle 
(fig. 6-13,D) 



Cos 




R 



eq 



(6-10) 



It should be remembered that this expression 
is a close approximation and sufficiently accu- 
rate for slide rule calculations. 

In the example in figure 6-12, the pentode 
plate resistance is the equivalent shunt re- 
sistance. r p , acting in parallel with the coil, 
L|. In this example the frequency of the 
applied voltage is 260,000 cycles and the induct- 
ance of Lj is 0.004 henry. At this frequency 
the inductive reactance of the coil is 

X L = 2*f Q L = 6.28x260xl0 3 x4xl0- 3 

= 6530 ohms 

The pentode plate resistance, r p , is 800,000 
ohms. 

Substituting, X L = 6530 and r p = 800,000 inequa- 
tion 6-10 

The equivalent series resistance is 



P 



_ 6530 2 
e( l 800,000 



= 53.2 ohms 



Thus the effect of the pentode plate resistance 
of 800,000 ohms in parallel with Lj is the same 
as though this resistance had been removed 
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and an equivalent series resistance of 53,2 
ohms had been added in series with L|. 

The equivalent voltage, e p , acting in the 
equivalent series circuit (fig. 6- 1 2, B) is derived 
from the circuit of figure 6-12,C. In this 
circuit L»i is disconnected from Ci and the 
voltage across Ci calculated. This voltage is 
the equivalent voltage ep. It is equal to the 
iX c drop across C\. 

The current, i, depends on the input voltage 
eg and the circuit impedance. The voltage 
eg acting in the grid circuit (fig. 6-12,A) is 
equivalent to fieg acting in the plate circuit 
(fig. 6-12,C). In this example 

jie g = 1280x9.5xlO- 5 = 0.122 volt 

The capacitive reactance of Cj is equal to the 
inductive reactance of Lj at the resonant 
frequency. 

As a check 

y - 1 - 1 

c 2 nf Q C j 6.28x260x1 0 3 x94xl 0- 1 2 

= 6530 ohms 

In the circuit of figure 6-12,C, the X c ohms 
of Cl are relatively small compared with the 
pentode plate resistance rp and can be neglected 
when calculating the current, i. 

i'T 1 (6-11) 
r P 

Substituting, //e g = 0.122 and r p = 800,000 in 
equation 6-11 

0 1 22 

i= 800,000 = 0-153x10-6 ampere 
The equivalent voltage, e p , is 

e p ,iX c (6-12) 

Substituting, i= 0.153xl0" 6 and X c =* 6530 in 
equation 6-12 

e p = 0.153xl0" 6 x6530 = 1x10-3 V olt 

Thus an input of 1x10- 3 volt acts as the 
generator voltage in the primary circuit (fig. 
6-12,B). At the resonant frequency of 260 kc 
the Xl ohms of Li cancel the X c ohms of C\ 



and the total impedance of the primary consists 
of three quantities, all resistive. These quan- 
tities are: (1) R e q (previously described); (2) 
the resistance associated with the coil; and 
(3) the coupled impedance due to the tuned 
secondary. The procedure is to find the total 
primary impedance, the primary current, the 
secondary voltage, the secondary current, the 
output voltage, and finally the voltage gain of 
the stage. 

The mutual inductance of and L2 is 
M = KJT^ (6-13) 

Substituting, K= 0.03 and Lj = L2 = 4xl0~ 3 in 
equation 6-13 

M - 0.03 V4xlO~ 3 x4xlO-3 
= 0.13xlO" 3 henry 
The mutual inductive reactance is 

X M = 2*f Q M (6-14) 

Substituting, f Q = 260x10-3 and M = 0.12xl0- 3 in 
equation 6-14 

X M = 6.28x260x103x0.12x10-3 
= 196 ohms 

The inductive reactance of each coil as pre- 
viously calculated is 6,530 ohms. 

The capacitive reactance of C2 is equal to 
that of Ci. As previously calculated Xc is 
6,530 ohms. 

At resonance the X c ohms of C2 cancel the 
Xl ohms of L2 and the series impedance of the 
secondary circuit is the resistance of the coil. 
The losses of the capacitor are considered 
negligible. The resistance of the coil L2 is 

X L 

R=-± (6-15) 

Substituting, Xl= 6530 and Q = 50 in equation 
6-15. 

R - -Sr = 130.6 ohms 



142 
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Thus the impedance, Z s , of the secondary 
circuit at resonance is 130.6 ohms. 



The coupled impedance is 

c Z„ 



(6-16) 



Substituting, X M = 196andZ s = 130.6 inequation 
6-16 

z c = mi - 295 ohms 

The total primary impedance, Z p as previously 
described is the sum of R e q, the resistance 
Rj associated with coil L»i and the coupled 
impedance Z c . Expressed as an equation 

(6-17) 



Z p = R eq+ R l ♦ z c 



Substituting, R eq = 53.2, Ri = 130.6 and Z c = 295 
in equation 6-17 

Z' p = 53.2+130.6+295 = 478.8 ohms 

The primary current, i p) is equal to the ratio 
of the applied voltage, e p , to the primary 
impedance Z f p . Expressed as an equation 



i =^ 



(6-18) 



in 



Substituting, e p = 1x10-3 and Z' p = 478.8 
equation 6-18 

ip = 478 fi - 2.09x1 0" 6 ampere 

The voltage e s induced in the secondary by the 
primary current ip is 

*s = x M*p (6-19) 

Substituting, Xm = 196 and i p = 2.09x10-6 i n 
equation 6-19 

e s = 196x2.09x10-6 = 410x10-6 volt 

The secondary current i s is equal to the ratio 
of secondary voltage to secondary impedance. 



Expressed as an equation 



(6-20) 



Substituting, e s = 410xl0" 6 and Z s = 130.6 in 
equation 6-20. 

_ 410x10-6 a 
i s ~130~6 3.14x10-° ampere 



The output voltage e 0 is equal to the product 
of the secondary current, i s , and the capacitive 
reactance X c of C2. 

Expressed as an equation 

e 0 = *s x c2 (6-21) 

Substituting, i s =3.14x10-6 and X C 2 = 6530 in 
equation 6-21 

e 0 = 3.14x10-6x6530 = 2.05xl0" 2 volt 

The voltage gain of the stage is 



*o 

v.g.= ~ 



(6-22) 



Substituting, e 0 = 2.05x10-2 ande g =9. 5x10" 5 in 
equation 6-22 

2.05x10-2 
V ' g ' = 9.5x10-5 25216 

Thus a pentode amplifier having an ampli- 
fication factor of 1,280 provides a voltage gain 
of approximately 216 at an operating frequency 
of 260 kc. 

A better understanding of the gain at reso- 
nance, as well as the response throughout the 
pass band of a double-tuned transfer me r-coupled 
stage, maybe gained from a further consideration 
of the curves of secondary current versus 
frequency, as shown in figure 6-11. 

When the coefficient of coupling in figure 
6- 11, A, is low, the response is sharply peaked 
at the resonant frequency and the pass band is 
very narrow. As the coupling is increased to 
the critical value, maximum current flows in 
the secondary, and the output voltage across the 
secondary is also at its maximum. At this point 
(critical coupling) 



k = = 



1 



and if the Q's are equal 



1^ 
Q 



The pass band is still relatively narrow and 
would attenuate the side band frequencies farthest 
removed from the resonant frequency. 

If the coupling is further increased until the 
optimum value is reached the gain is still 
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relatively high; but the pass band has been 
increased and the response is essentially uni- 
form. At this point (optimum coupling) 

1.5 



and if the Q's are equal 



,1.5 
Q 



As the coupling is again increased the humps 
at Fi and F2 are well defined and the gain at 
resonance is considerably reduced. Although the 
pass band is now much wider, the gain through- 
out the band is not sufficiently uniform. 

The two humps in the curve are due to the 
reactance that is coupled into the primary on 
each side of resonance as the coupling is 
increased. Below resonance this reactance is 
inductive, and above resonance it is capacitive. 
For the same frequency the coupled reactance 
has the opposite sign to that of the primary 
and the impedance of the primary is therefore 
reduced. Accordingly, there is an increase in 
primary current at frequencies slightly off 
resonance, and a corresponding increase in 
secondary induced voltage and current at these 
frequencies. 

The width of the pass band may be as 
important as the response within the band. 
The approximate width is 

width of pass band = kf Q 

where fo is the resonant frequency which is 
the center of the pass band. 

The frequencies at the two humps, F] and 
F2. which define the practical lower and upper 
limits of the pass band are determined by the 
following equations: 



Jo_ 



r 2 v^nr 

Figure 6-1 1,B, shows the effects of varying 
the Q while maintaining a constant coefficient 
of coupling. Actually, the desired response 
curve could be achieved by the proper manip- 
ulation of both k and Q because they are inter- 
related. 

From the foregoing equations it is seen that 
in order for the pass band to be wide, k must 



be large and the circuit Q's small. However, 
the proper relation between k and the Q's is 
essential if both the desired bandwidth and the 
desired response within the bandwidth are to 
be maintained. 

To increase k, the coils are brought closer 
together. To lower the Q's, the coils are 
shunted with suitable resistors. The lower the 
shunting resistance, the lower will be the circuit 
Q. 

MODIFICATIONS FOR HIGH- 
FREQUENCY OPERATION 

When the frequency to be amplified is very 
high, conventional r-f and i-f amplifiers re- 
quire special circuit modifications. The circuit 
of a high-frequency tuned amplifier used at 
radar frequencies and requiring such modifi- 
cation is shown in figure 6-14. Tuning is 
accomplished by a small coil which resonates 
with its own distributed capacitance and the 
interelectrode capacitance of the tube. It is 
tuned by either a brass slug which acts as a 
short-circuited turn or by a powdered iron 
core. Both methods vary the effective induct- 
ance of the coil and thus the resonant frequency 
of the amplifier stage. 



e in 



-dr + 



e out 



20.116 



Figure 6-14. — Tuned amplifier for operation at 
radar i-f frequencies (60mc). 



Other features of this amplifier may be 
summarized as follows: The interelectrode 
capacitance of the tube must be low so that the 
coil will be large enough to be tuned conven- 
iently. Since a wide band of frequencies is to 
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be amplified, the load resistance must be 
low also. The tube must have a high trans- 
conductance. 

The input capacitive reactance of a tube, 
such as the one in figure 6-14 varies inversely 
with the frequency of the a-c component of 
grid voltage, thus causing frequency distortion. 
Therefore, a part of the cathode resistance is 
unbypassed so that the correct amount of 
degeneration to overcome this distortion will 
be introduced. 

Because of the low plate load, the plate 
supply voltage is also low, in this case lower 
even than the screen- grid voltage. The sup- 
pressor is returned to ground rather than to 
the cathode to increase the negative potential 
of the suppressor with respect to the plate. 

Double tuning is seldom used because of the 
restrictions imposed by this type of amplifier 
on bandwidth, 

VIDEO AMPLIFIERS 

Video amplifiers such as those used in 
modern television sets are designed to give 
essentially uniform amplification of all fre- 
quencies from 30 cps to over 4 mc. Audio- 
frequency amplifiers, on the other hand, are 
considered good if they have a relatively flat 
response between 30 and 15,000 cps. Figure 
6-15 compares the response of the two types of 
amplifiers. 
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Figure 6-15. — Relative frequency response of 
audio and video amplifiers. 

It has been shown that resistance coupling 
gives the best response over a wide range 
even at audio frequencies. This is especially 
significant in video amplifiers: however, to 
extend the range at both the low- and high- 



frequency ends, special compensation is neces- 
sary in video amplifiers. 

RESISTANCE-CAPACITANCE 
COUPLED CIRCUITS 

The R-C coupled amplifier circuit shown 
in figure 6-16 indicates the effects that must 
be overcome if the range is to be extended on 
both ends of the frequency spectrum. 

The high-frequency response is limited by 
the interelectrode output capacitance, C 0 , the 
distributed wiring capacitance, C^, and the 
input interelectrode capacitance, Q. These 
three capacitances, acting in parallel, shunt 
the load, Rl« and reduce the output at the 
high frequencies. 
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Figure 6-16.— R-C coupled amplifier. 

The low-frequency response is limited by 
the reactance of the coupling capacitor, C c . 
Thus at the lower frequencies the divider 
action of C c Rg reduces the voltage available 
between the grid and cathode of V2. 

It is obvious that the interelectrode capaci- 
tances of the tubes and the distributed capaci- 
tances of the wiring must be kept as low as 
practicable. Keeping the distributed capaci- 
tances low requires careful placement of the 
tubes in order to keep the leads as short as 
possible. 

HIGH-FREQUENCY COMPENSATION 

There are various methods of extending 
the range of a video amplifier at the high- 
frequency end of the range, but perhaps the 
simplest and most effective is the shunt- 
peaked method, shown in figure 6- 17, A. As 
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mentioned previously, the gain at high fre- 
quencies is reduced because the load is shunted 
by C 0 , Cd, and Ci. These same values can 
be made to extend the range if a small inductor, 
LI, is inserted in series with the load resistor, 
Rl, to form a parallel resonant circuit. If 
the value of LI is properly chosen so that the 
circuit will be in resonance at the point where 
the response curve begins to fall appreciably, 
the range can be extended. The value of LI 
is critical. If the value is not correct, the 
amplification may be increased before the 
point at which the response curve begins to 
fall, with the result that frequency distortion 
ensues. 




A 

SHUNT COMPENSATION 




Figure 6-17.— High-frequency compensation. 



Series compensation may also be used to 
extend the range at the high-frequency end, 
as indicated in figure 6-17.B. In this instance 
an inductance, L2, of the proper value is added 
in series with the coupling capacitor, C c , so 



that a series- resonant circuit is formed with 
the parallel combination of Cd and Ci. At 
resonance, increased current will flow through 
these capacitances and larger output voltage 
will be applied between the grid and cathode 
of V2. 

The high-frequency peaking effect of shunt 
compensation in addition to the increased gain 
of series compensation may be obtained if both 
of these methods of compensation are used in 
the same coupling circuit. There are other 
factors, however, such as the transient response, 
which have to be considered in a network such 
as this. 

LOW- FREQUENCY COMPENSATION 

At low frequencies, the distributed and 
interelectrode capacitances may be neglected 
but the reactance of the coupling capacitor 
becomes increasingly important. Since the 
reactance of this capacitor is 

* c = 27TfC C 

it becomes appreciable at low frequencies. 
Consider a voltage divider made up of C c and 
Rg (fig. 6-18) in which the reactance of C c is 
large, as it would be at low frequencies. More 
of the voltage would then appear across C c and 
less would appear across Rg. Since in some 
practical applications the voltage gain must 
be maintained within 70 percent of the mid- 
frequency gain, this loss at low frequencies 
could not be tolerated. 
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Figure 6-18.— Low-frequency compensation. 
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The capacitance of C c could be increased, 
but such a procedure would increase the stray 
capacitance and thus cut down the high-frequency 
gain. 

Another factor that is perhaps more important 
than the loss of gain is the large shift in 
phase that occurs at these frequencies. If 10 
stages of video amplification are used, a phase 
shift (lead) of about 2° is all that can be 
permitted for each stage. 

The phase shift can be reduced by employing 
a large value of coupling capacitance and the 
largest permissible grid-leak resistance; but 
both of these expedients have their disadvantages 
also. 

Amplifiers that do not have as critical 
requirements as video amplifiers may be made 
to operate satisfactorily by using large cathode 
and screen bypass capacitors and a coupling 
capacitor as large as practicable. Video ampli- 
fiers, however, require special compensation 
at the low frequencies. 

Both the loss in gain and the increase in 
phase shift may be corrected by dividing the 
load resistance into two parts and bypassing one 
part with a capacitor. A circuit employing this 
method of low-frequency compensation is shown 
in figure 6-18. 

The load resistance is made up of two parts, 
RL and Rc, of which Rc is bypassed by C. At 
the higher frequencies the load is effectively 
Rl because Rc is bypassed by C which has a 
low reactance at these frequencies. At low 
frequencies, however, C offers a high impedance 
and the load is effectively Rl + Rc« This 
effective load increase causes a greater pro- 
portion of the plate signal to appear as output 
and thus counteracts the normal drop at the 
low frequencies. Care must be used in selecting 
the values of R c and C so that uniform gain 
can be extended into the lower frequencies 
beyond the point where the gain begins to fall 
off. Distortion will occur if the gain takes 
place before the curve begins to fall off. 

Another component influencing low-frequency 
gain is the cathode-bypass capacitor. In order 
to prevent degeneration from occurring at the 
lower frequencies because of inadequate shunt- 
ing, the capacitance of the cathode -bypass 
capacitor must be great enough to offer low 
impedance (with respect to the cathode resistor) 
at the lowest frequency to be amplified. Thus 
in video amplifiers the capacitances of cathode- 



bypass capacitors are many times those of 
comparable audio amplifiers. 

CATHODE FOLLOWERS 

To achieve uniform response over a wide 
frequency range it has been shown that an 
amplifier should have a low effective input 
capacitance and a low effective load impedance. 
The overall response may also be improved by 
the use of degenerative feedback. The cathode 
follower possesses these qualities, and in 
addition it may be used to match the impedance 
of one circuit to that of another. 

The cathode follower is a single-stage class A 
degenerative amplifier the output of which 
appears across the unbypassed cathode resistor. 
The high input impedance (no grid current) and 
the low output impedance make it particularly 
useful for matching a high- impedance source 
to a low-impedance load. Thus, the cathode 
follower might be used between a pulse- 
generating stage and a transmission line whose 
effective shunt capacitance might be great enough 
to cause objectionable effects. More power, of 
course, can be delivered when the source is 
matched to the load. For example, a conventional 
amplifier having high output impedance would 
supply less power to a low- impedance coaxial 
line than would a cathode follower having an 
output impedance that corresponds to the load 
impedance. 

The advantages obtained by the use of a 
cathode follower can be had only at the price of 
a voltage gain that is less than unity; however, 
the circuit is capable of producing power gain. 

As the name implies, the output voltage 
FOLLOWS the input voltage-that is, it has not 
only the same waveform but also the same 
instantaneous polarity (phase). 

CIRCUIT OPERATION 

A conventional cathode follower is shown in 
figure 6- 19, A. Under no-signal conditions a 
certain amount of plate current flows through 
Rk, and this flow establishes the normal bias. 
When a positive -going signal is applied to the 
grid, the plate current increases. This increase 
causes an increase in the voltage drop across 
Rk, giving the cathode a higher positive potential 
with respect to ground than it had under the 
no-signal condition. When a negative -going 
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signal is applied to the grid, the opposite 
effect occurs. Thus, the output polarity 
FOLLOWS the polarity of the voltage applied 
between grid and ground. 

Since Rjcis not bypassed, degeneration occurs 
both on the positive half cycle when plate current 
through Ric increases the bias and on the 
negative half cycle wh^n plate current through 
Rk decreases the bias. During the positive 
half cycle, the increase in bias subtracts from 
the input signal and reduces the amplitude of 
the grid- to- cathode voltage. Also during the 
negative half cycle, the bias adds to the input 
signal and the accompanying decrease in bias 
again reduces the amplitude of the grid-to- 
cathode voltage. Thus, in both half cycles the 
peak value of the a-c component of plate 
current is decreased and the output voltage 
is correspondingly reduced below the value it 
would have had if degeneration were not present. 

VOLTAGE GAIN 

Voltage gain in the cathode follower is less 
than unity. The theory of operation of a 
representative cathode follower is analyzed in 
the example in figure 6-19 and the voltage gain 
calculated. The same ip-£p characteristic 
curves for the triode amplifier in the example 
in figure 5-2 (see preceding chapter) are used 
to establish the plate current, plate voltage, 
and grid bias relationships for this example. 

The triode is biased for class A operation. 
The no-signal plate current is ip = 0.008 ampere; 
the no-signal plate voltage is ep = 200 volts; 
and the grid bias e c is -4 volts (point a, fig. 
6-19, C). Since the bias of -4 volts is developed 
across the cathode resistor R^ and there is no 
plate load resistor, the plate supply voltage is 
200 ► 4 - 204 volts. The resistance of the 
cathode resistor is _ e k 4 , 

Rk = ip = 0T008 = 500 ohms - 

The input signal e s (fig. 6-18, A) has a 
sine waveform and a peak value of 6.12 volts. 
At time t\ the plate current increases to the 
peak positive value. The value is calculated 
by applying equation 5-4 from the preceding 
chapter and modifying it for the example in 
figure 6-19. 

Restated, the equation becomes 



Where Eg is the B supply voltage 

ii is the amplification factor of the triode 

ip is the plate current 

rp is the plate resistance 

Rk is the cathode (load) resistance and 

e g is the grid-cathode voltage. 

In the cathode follower circuit of figure 6-19 
there is no plate load resistor and 



e g = e s - ipRk 



(6-24) 



Where e s is the input signal voltage (peak), 
and ipRk is the voltage across the cathode load 
resistor. 

Substituting e g from equation 6-24 inequation 
6-23 

E B = - p(e s -ipRk)+ipr p +ipRk (6-25) 

Transposing equation (6-25) and solving for plate 
current 



i E B f ^s 
P = MRk +R k*r p 



(6-26) 



Substituting, E B - 204. H = 25. Rk = 500. r p 
= 12500, and e s = 6.12 in equation 6-26. and 
solving for i p 

i D = IttU&gsS' 0-014 ampere 
P 25x500+500^12,500 

At time t\ the peak positive plate current 
is 0.014 ampere, point b, figure 6-19.C. 

At the same instant the grid cathode voltage, 
e g is calculated by substituting e s = 6.12. 
ip = 0.014 and Rk = 500 in equation 6-24 and 
solving for eg as follows: 

e g = 6.12-0.014x500 - -0.88 volt 

In figure 6-19,C, the ip-e p curve corresponding 
to eg = -0.88 volt is estimated to be approx- 
imately half way between the 0-eg curve and the 
-2-eg curve. The dotted portion is shown 
extending through point b. 

At time t2, figure 6-19, A, e s returns to zero 
and the plate current returns to 0.008 ampere. 
The change in currant isAi p = 0.014 -0.008 
= 0.006 ampere. The peak (positive) output 
voltage, e 0 , is 



Eb = -/*egfi p r p fi p Rk 



(6-23) 



*o = Ai p R k 



(6-2*) 
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Figure 6-19. — Cathode follower analysis. 



Substituting, ip = 0.006 and Rfc = 500 in equation 
6-27 and the output voltage at time t2 is 



the preceding calculation for the peak positive 
plate current, and solving for plate current, 



e 0 = 0.006x500 - 3 volts (peak) 

At time e s increases to the peak (negative 
value) of -6.12 volts. Substituting. e s =-6.12 
in equation 6-26 and the other values as in 



204-25x6.12 



51 



P 25x500* 500f 12500 25500 



- 0.002 ampere 



The minimum plate current at time t3 is 
0.002 ampere, point c, figure 6-19, C. 
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At the same instant (time t3) the grid- 
cathode voltage eg is found by substituting 
e s = -6.12, i p 0.002, and Rk - 500 in equation 
6-24 and solving for eg as follows: 

e g = 6.12 -0.002x500= -7.12 volts 

In figure 6-19, C, the ip-e p curve corresponding 
to e g =-7.12 volts is estimated to be approx- 
imately half way between the 
the 

extending through point c. 



•6-eg curve and 
-8-e g curve. The dotted portion is shown 



At instant t4, e s returns to zero and i p 
returns to 0.008 ampere to complete the cycle. 
The change in current isAip = 0„008 -0.002 
= 0.006 ampere. The peak output voltage (neg- 
ative swing) is found by substituting Ai p - 0.006 
and Rk = 500 in equation 6-27 as follows: 

e 0 = 0.006x500 = 3 volts (peak) 
The voltage gain of the cathode follower is 



v.g. 



— = = °* 5 (approximately) 



A voltage gain of 0.5 is representative for this 
cathode follower. 

The equivalent circuit, figure 6-19,B, is 
similar to the equivalent circuit described for 
a triode amplifier in the preceding chapter 
(fig. 5-3), with some modifications. All d-c 
voltages are eliminated; only the a-c components 
are shown. The circuit contains a voltage, 
Meg, acting in series with the plate resistance, 
r p and cathode load resistor R^. 

The output voltage, e 0 , is equal to the 
ipRjt voltage across the cathode load resistor. 
From the original circuit, figure 6-19, A, 



r»p*k 



Applying ohms law to the circuit (fig 6-19.B) 



Me g 

*p = ?n + Rk 



(6-28) 



Substituting eg - e s -i p Rk * n equation (6-28)and 
solving for i p 



In = 



p " v Rk+/iRk 



(6-29) 



In this example substitute ^- 25, e s = 6.12 
(peak), r p = 12,500, and Rk = 500 in equation 
6-29 and solve for i p 



= 25x6.12 
l P " 12500+500+25x500 



1 53 

= 25500 = °-° 06 ampere 

The output voltage is ipR^ ^ 0.006x500 = 3 volts 

^o 3 

and the voltage gain is — = ^-r= =0.5 (approx) 

e c o.l* 



INPUT IMPEDANCE 

The input impedance of a cathode follower is 
high, and the effective input capacitance is low 
compared with that of a conventional amplifier. 
Both of these effects result from the degenerative 
action that occurs across the unbypassed cathode 
resistance. 

Under no- signal conditions the grid is 
negative with respect to the cathode. When a 
positive -going signal is applied to the grid the 
bias is increased, because of degenerative 
action, to such an extent that no grid current 
will flow. The result is the same as if the 
input impedance had been increased. On the 
other half cycle when a negative-going signal 
is applied to the grid, the bias is decreased 
but no grid current can flow and the input 
impedance remains high. 

The reduced input capacitance results from 
the fact that degeneration reduces the amplitude 
of the a-c component of the grid-to-cathode 
voltage, or in effect increases the input 
impedance, and thus causes less current to 
flow through the tube capacitances. 

Because of the constant high impedance 
presented by the input to the cathode follower, 
it presents negligible loading to the circuit 
that drives it. In the example in figure 6-19. 
the input impedance is Rg = 100,000 ohms. 

OUTPUT IMPEDANCE 

The output impedance of the cathode follower 
is relatively low. In the example in figure 6-19. 
the output impedance is approximately 500 ohms. 
This means that if R^ is removed it will be 
necessary to substitute a 500 ohm load in place 
of Rfc if we wish to maintain the same values 
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of current and voltage as were used in the 
example. 

The output impedance is also approximately 

equal to rp/V . In this example r p = 12,500 ohms 

and ji= 2o; the output impedance is approxi- 

. . 12,500 CAA . 
mately ^ = 500 ohms. 

If the load to be supplied by the cathode 
follower is less than 500 ohms (in this example) 
a series resistor may be inserted to make up 
the difference. For example, if the load is to 
be 400 ohms, a 100 ohms resistor inserted in 
series with the load will make the total of 500 
ohms needed. If the load is larger than 500 ohms, 
for example 1,000 ohms, a 1,000 ohm resistor 
in shunt with the 1,000 ohm load will make the 
total parallel resistance equal to the required 
500 ohms. 

The output impedance is generally resistive 
and the approximations of the preceding example 
are valid when p is much greater than unity. 
(In the example j/is 25.) The output impedance 
is low in relation to the input impedance and 
there is a minimum of amplitude distortion 
of the output signal even though current is 
drawn from the output terminals. 



cathode resistors R^j and Rk2. This point is 
determined by the input voltage level. Thus 
the grid bias is reduced by an amount equal to 
the drop across R^- 
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DISTORTION CAUSED BY LIMITING 

Under normal operating conditions the output 
of a cathode -follower amplifier is practically 
free of amplitude distortion. However, if the 
input signal swings the grid voltage too far 
negative or positive, the output waveform will 
be limited or distorted in amplitude with respect 
to the input waveform. Beyond a certain negative 
value of grid voltage the plate current will be 
cut off and any further increase in negative 
grid potential will cause no corresponding 
change in plate current. 

If the signal swings the grid voltage in a 
positive direction far enough for the grid to 
draw current, the loss in voltage in the driving 
source limits the output signal and distortion 
again occurs. 

The cathode-follower amplifier maybe mod- 
ified, as in figure 6-20, to adjust the grid bias 
to the correct value if the cathode resistance 
is greater than the value required to give the 
correct grid bias and if limiting occurs only 
on the negative peaks of the input signal. In 
this modified circuit, the grid resistor, Rg, 
is connected to a point above ground on the 



Figure 6-20. — Cathode follower modified to 
prevent limiting. 



ADVANTAGES OF CATHODE 
FOLLOWERS 

As previously stated one of the principal 
advantages of a cathode follower is that it can 
be used to match a high impedance to a low 
impedance. Thus it can take the voltage developed 
across a high impedance and supply a low 
impedance load with only a slightly less voltage 
but with a correspondingly large increase in 
current. One or more of the circuit elements 
of a cathode follower may be varied to achieve 
a more precise impedance match if the match is 
critical. 

When tubes having a high mutual conductance 
are used, the low value of output impedance 
extends the amplification into the upper range 
of frequencies because the shunting effects of 
interelectrode and distributed capacitances are 
proportionately smaller. The low-frequency 
response is improved by allowing the d-c 
component of cathode current to flow in the 
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load, thus avoiding the use of a series blocking 
capacitor. 

The degenerative effect caused by the un- 
bypassed cathode resistor increases the input 
impedance. Thus less shunting effect is offered 
to the previous stage, and a better overall 
frequency response is produced. 

As stated before, the input and output voltages 
have the same instantaneous polarity. When 
pulses are used it may be necessary to feed 
a positive- or a negative-going pulse to a 
load without polarity inversion. The cathode 
follower could thus serve two purposes— to 
prevent polarity inversion and to afford an 
impedance match. 

Circuit stability is also improved, as in 
regular amplifiers, by degenerative feedback. 
Specifically, amplitude distortion occuring within 
the tube, the effect of plate-supply voltage 
variations, aging of tubes, production of harmon- 
ics, and other undesirable effects that occur 
within the stage are counteracted by this type 
of circuit. 

However, these advantages are achieved at 
the expense of an overall reduction in voltage 
gain. Normally, the voltage gain is slightly 
less than unity, but the circuit is capable of 
producing a gain in power. 



PHASE INVERTERS 

Since phase is generally associated with time, 
it is somewhat of a misnomer to apply this 
term to a device that simply changes a positive- 
going signal to a negative- going signal or vice 
versa. In the case of a sine- wave signal, how- 
ever, the effect is the same as if a 180° phase 
shift had occured. 

Paraphase amplifiers (phase splitters) pro- 
duce, from a single input waveform, two output 
waveforms that have exactly opposite instanta- 
neous polarities. If these two waveforms were 
produced as the result of a single sine-wave 
input they might be considered 180° out of phase, 
one waveform having been displaced 180° along 
the time axis. 

One type of phase inverter is the transformer, 
with which the instantaneous polarity of the load 
may be reversed with respect to the source by 
reversing either the connections of the secondary 
leads to the load or the primary leads to the 
source. A conventional electron-tube amplifier 



(untuned and R-C coupled) also produces an 
output of opposite polarity to the input; and if 
no gain is desired, various methods may be 
employed to produce unity gain. Either single- 
or two-tube amplifiers may be used to convert 
one input waveform into two output waveforms 
of opposite polarity. Such amplifiers are called 
PHASE SPLITTERS or PARAPHASE amplifiers. 

TRANSFORMER PHASE INVERTER 

In operation, all transformers produce across 
the secondary an induced emf that is opposed 
to the change in flux producing it. The instan- 
taneous polarity of the actual output voltage 
across a load depends on how the leads from 
the. secondary are connected. 

Figure 6-21 indicates phase inversion of 
square waves and sine waves. With square 
waves the polarity has simply been inverted. 
This is also true for sine waves but in this 
case it may be more convenient to refer to 
the inversion as a 180° phase shift— in effect, 
the same result as if the waveform had been 
moved along the time axis 180°. If no change 
in voltage is desired, a 1-to-l turns ratio 
is employed. 
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Figure 6-21.— Transformer phase inversion. 

A transformer with a center-tapped second- 
ary or with a center-tapped resistor shunting 
the secondary, is used in Class-B push-pull 
circuits to supply voltages of opposite instan- 
taneous polarity to the grids of the tubes, as 
shown in figure 6-22. 

If at a given instant the polarity of point X 
goes negative with respect to the grounded 
center tap, the polarity of point Y will go 
positive with respect to the center tap. Thus 
a negative potential is applied between the 
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grid and ground of V2 and at the same time a 
positive potential is applied between the grid 
and ground of V3. This condition is necessary 
for the proper operation of a push-pull amplifier. 
Of course, the transformer must be tapped at 
the electrical center; otherwise the combined 
signal present in the output transformer will 
not* be symmetrical with respect to the tap. 
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Figure 6-22. — Center-tapped transformer 
driving a push-pull amplifier. 



This type of transformer phase inverter has 
limited application because of distortions and 
losses inherent in transformers. For example, 
the loss in voltage through leakage reactance 
is greater for higher frequencies than it is for 
lower frequencies. The shunting capacitance 
effect and hysteresis losses also increase with 
frequency. Since in many circuits harmonics 
must be transmitted unattenuated and undis- 
torted, the transformer phase inverter is 
generally replaced with a circuit that performs 
phase inversion without the use of transformers. 
The paraphase amplifier is such a circuit. 

ELECTRON- TUBE PHASE INVERTER 

As mentioned before, every electron tube 
used as a conventional amplifier introduces 
polarity inversion— that is, a negative-going 
signal between grid and ground causes a positive - 
going signal to be produced across the plate 
load. If there is to be polarity inversion with 
no gain in amplitude, some method must be 
employed to reduce the normal gain to unity. 
One method of reducing the normal gain is 
through the use of degenerative feedback. 
Degenerative feedback is readily obtained by 
omitting the cathode bypass capacitor. 



Another method of reducing the gain is to 
employ a voltage divider in the input circuit. 
For example, if the normal gain of the tube is 
100 the grid is tapped down on the divider so 
that one-hundredth of the available voltage is 
applied between grid and ground. If harmonics 
are to be included some method must be 
employed to reduce the input shunting effects 
of capacitance. 

SINGLE -TUBE PARAPHASE 
AMPLIFIER 

One of the simplest forms of single-tube 
paraphase amplifiers is shown in figure 6-23. 
The values of resistors R2 and R3 are the same. 
Therefore the voltage drop across both of them 
is the same, since the same plate current flows 
through both. The instantaneous polarities, 
however, are exactly opposite because at the 
instant a positive- going signal is applied to 
the grid, point X becomes less positive with 
respect to ground and point Y becomes more 
positive. These signals, with the polarities 
indicated in the figure, are impressed across 
load resistors R4 and R5 through blocking 
capacitors C3 and C4. C2 is the plate supply 
bypass capacitor. 
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Figure 6-23.— Single-tuned paraphase 
amplifier. 
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In actual practice this basic type of single- 
tube paraphase amplifier may be modified to 
avoid some of the degenerative action due to 
the unbypassed cathode resistor or it may be 
compensated to permit a better frequency 
response. 

TWO- TUBE PARAPHASE AMPLIFIER 

A 2-tube paraphase amplifier utilizes (J) 
tube as a regular amplifier and a second tube 
as a phase inverter, or these functions may 
be performed by 2 sections of the same tube. 
The combination is frequently referred to as 
a PHASE INVERTER. 

One of the simpler forms of 2-tube paraphase 
amplifiers is shown in figure 6-24. VI operates 
as a conventional amplifier having normal gain, 
and V2 operates as a phase inverter, the input 
of which is reduced to the same value as the 
input of VI. Thus V2 amplifies the signal 
as much as VI and the output is essentially 
symmetrical about the zero-voltage reference 
line. 

A positive- going signal on the grid of VI 
causes an increase in plate current and a 
reduction in positive plate potential at point X. 
This reduction in positive potential is trans- 
mitted as a negative- going signal through 
coupling capacitor C4 to resistors R6 and R7. 
The grid input to V2 is tapped down on resistors 
R6 and R7 to feed the proper magnitude of 
negative- going signal to V2. For example, 
if VI and its associated circuit has a voltage 
gain of 50, the resistance of R7 should be 
one-fiftieth of the total value of R6 plus R7. 
At the instant a positive- going signal is applied 
to the grid of VI a negative- going signal is 
thus applied to the grid of V2. The positive 
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Figure 6-24. — Two- tube paraphase amplifier. 

potential at point Y is increased, and a positive- 
going signal is applied to resistor R8, through 
coupling capacitor C5. At the same time the 
negative- going signal appears across resistors 
R6 and R7. 

If the operating conditions of the two tubes 
are carefully chosen and the circuits are 
properly adjusted, the two amplified output 
signals should be essentially undistorted and 
of opposite instantaneous polarity. In actual 
practice this method presents some difficulty 
because the adjustments are critical. However, 
it is widely used as a means of driving class-A 
push-pull audio power amplifiers. 
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CHAPTER 7 

AUDIO POWER AMPLIFIERS 



Audio amplifiers are classified into two 
groups: voltage amplifiers, and power ampli- 
fiers. 

GENERAL 

The primary function of the common VOLT- 
AGE amplifier is to increase the voltage of a 
signal to a higher value without distorting the 
waveform. Under ideal conditions no appreciable 
power is consumed from the preceding stage, and 
no appreciable power is supplied to the succeed- 
ing stage. In general, the output voltage is pro- 
portional to the product of the input voltage and 
the mu of the tube. 

The primary function of a POWER amplifier 
is to deliver power to a load, and any increase 
in voltage is of secondary importance. Be- 
cause the power amplifier requires a relatively 
high signal- voltage input, the power amplifier 
must usually be preceded by one or more volt- 
age amplifiers to raise the voltage to the proper 
level to operate the power stage. 

Various types of tubes may be used as audio 
power amplifiers, including triodes (or tubes 
operated as triodes) and pentodes. The tubes 
may be operated singly as class-A amplifiers, 
or in pairs as in push-pull stages in which the 
tubes are operated as class-A, class-AB, or 
class- B amplifiers. 

In general, audio power amplifiers have low 
amplification factors, low plate resistance, and 
high plate current. In order to obtain low plate 
resistance, the space between the plate and 
cathode is made smaller in a power tube than 
it is in a voltage amplifier tube. Also, in a 
power tube the area of the plate is made larger 
and the cathode is designed to supply a larger 
number of electrons. The grid must not block 
too many of the electrons flowing to the plate; 
accordingly, the grid meshes are widely sepa- 
rated, and the amplification factor is thereby 
reduced. 

Pentodes used as power amplifiers have 
higher amplification factors than triodes, but 
the plate resistance is proportionately higher. 



As will be seen later, increasing the amplifi- 
cation factor of the tube used will increase the 
power output of an amplifier stage, while in- 
creasing the plate resistance will cause a de- 
crease in output power. 

Power amplifiers have numerous applica- 
tions; the most familiar perhaps is the output 
stage of a radio receiver. Power is needed to 
operate the loudspeaker; therefore, the last 
audio stage is operated as a power amplifier. 

CLASS-A TRIODE AMPLIFIERS 

Class-A amplifiers are operated so that 
plate current flows during the entire input- 
voltage cycle. If the correct operating point, 
load impedance, and input voltage are chosen, 
the output waveform will be essentially the 
same as the input in all respects except for 
the amplitude. 

Many limitations are imposed on class-A 
amplifiers if they are to be operated with 
minimum allowable distortion. The curvature 
of the lower portion of the ip-e g characteristic 
curve places a practical limit on the minimum 
current that may flow in the plate circuit. 
This limitation, in turn, places a limit on the 
negative swing of grid- signal voltage. If class - 
Ai operation is assumed, the positive swing of 
the grid-signal voltage is limited by the mag- 
nitude of the bias in order that grid current 
will not flow. This limitation, however, is not 
serious. 

The efficiency of class-A amplifiers is lim- 
ited to a low valuetl5to25percent for class-Ai 
operation) because appreciable d-c plate cur- 
rent flows during the entire grid- voltage cycle. 
Although its efficiency is low, the class-A 
amplifier has remarkably high fidelity if the 
proper operating conditions are chosen. 

LOAD LINE 

One of the simplest methods of determining 
the output voltage and current components under 
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a variety of operating conditions is by the use of 
a load line, as shown in figure 7-1, A. This line 
is a graph of the equation 



e = E -i R_ 
p B p L 



where ep is the instantaneous plate-to-cathode 
potential, Eb the plate supply voltage, and ipRL 
the voltage drop across load resistor Rl. 

The Ip-E curves across which the load line 
is plotted are known as STATIC CHARACTER- 
ISTIC CURVES because grid voltage changes 
and the accompanying plate current changes 
occur at constant plate potential. For example, 
if the grid bias is decreased from -35 to -30 
volts at a constant plate potential of 250 volts 
the plate current will increase from 30 ma to 
40 ma, or an increase of 10 ma. 

In contrast to this static action, DYNAMIC 
CHARACTERISTIC I p -E p CURVES take into 
account the change in plate voltage that always 
occurs with a change in plate current when a 
load resistor is connected in series with the 
plate. The load line makes possible the calcu- 
lation of the dynamic characteristic. Thus, if 
the grid bias is decreased from -35 volts (point 
B on the load line) to -30 volts, the plate current 
will increase from 30 ma to 33 ma, or an in- 
crease of 3 ma. 

Hence, in the examples given, the plate cur- 
rent increases 10 ma using the static curves, 
and only 3 ma using the dynamic characteristic 
because in the first case the plate voltage re- 
mains constant at 250 volts, whereas in the 
second case the plate voltage decreases from 
250 volts to 235 volts because of the increased 
voltage drop in load resistor Rl. 

Load resistor Rl seldom exists as a real 
resistor but is used to represent the equivalent 
plate-load resistance in order to simplify the 
actual load circuit. For example, the actual 
load circuit might consist of a step-down 
transformer and its associated loudspeaker, 
in which case the actual B- supply voltage would 
be only large enough to supply the plate voltage 
plus the d-c voltage drop in the transformer 
primary. However, the load line is based upon 
the theoretical B- supply voltage that would be 
required if Rl were actually a load resistor. 

To account for the difference in the a-c and 
d-c resistance components of the load when such 



differences exist, a second load line called the 
a-c load line may be drawn through the operating 

1 



point B. This line will have a slope of - 



where Rl now represents the a-c impedance of 
the load. 

If a branch composed of C and Rg is added, 
as shown in figure 7-1, D, and the d-c load re- 
mains at 5000 ohms, the effective a-c impedance 
jof the total load will be less than 5000 ohms. 
If the reactance of C is negligible, the a-c load 

impedance will be or 2500 ohms. The a-c 

1 

load line will then have a slope of - 25qq and 

will pass through point B as indicated by the 
line having the steeper slope. 

1 

or 



The slope of the d-c load line is 
.080 



400* 
.080 
200' 



The slope of the a-c load line is 



5000 
1 

"2500 



or 



and is represented as a dotted line between 



points Y and X* to establish the slope. The 
a-c load line is then drawn through operating 
point B as a line parallel to the line YX\ 
The terminal points Y and X on the Y axis 
and the X axis, respectively, are easily estab- 
lished. Thus, if the electron tube resistance 
could be reduced to zero, the plate current would 
become a maximum value and the B-supply volt- 
age would appear across the load resistance. 
The plate current would be 

i =|b- 

P *L 

This value of i p determines the Y-axis terminal 
of the load line, indicated in figure 7-1, A, as 
point Y. 

When no plate current flows, the full value 
of the plate supply voltage is applied between 
the plate and cathode because there is no voltage 
drop across R^. Thus, 



e =E n 
P B 



This value of ep determines the X-axis terminal 
of the load line and is indicated as point X. 

When a number of ip-e p curves for various 
values of grid bias are included on the graph, 
the plate current and voltage corresponding to a 
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Figure 7-1. — Load line and circuits for a triode amplifier. 
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given bias can be determined at a glance. Thus 
in figure 7-1, A, point A represents a grid bias 
of -5 volts. A line drawn horizontally from this 
point to the Y axis indicates a plate current of 
approximately 50 ma. Likewise, a line drawn 
vertically downward to the X axis from point A 
indicates a corresponding plate voltage of ap- 
proximately 150 volts. 

A line drawn horizontally from point B (the 
operating point where the ip-Sp curve for a grid 
bias of -35 volts intersects the load line) to the 
Y axis indicates a plate current of 30 ma. The 
corresponding plate voltage is approximately 
250 volts. The same procedure is followed in 
determining the plate current and voltage for 
point C or any other given value of grid bias. 

Point B is called the OPERATING POINT 
because it represents the grid bias when no 
signal is applied. It is therefore the point about 
which the grid voltage will vary when a signal 
is applied. The instantaneous values of plate 
current and voltage may be considered as being 
determined by the position of an imaginary point 
oscillating about B along the load line. The 
limits of the oscillations are determined by the 
point at which the grid begins to draw current 
on the positive swing and by the point at which 
the load line extends into the nonlinear portion 
of the plate- current curves on the negative 
swing. In establishing these limits it is of 
course assumed that the source is capable of 
supplying the input voltage swing between these 
limits. 

If, as in figure 7-1, A, the grid voltage is 
assumed to have a maximum positive swing of 
30 volts, then at the positive peak of the swing 
the net voltage impressed on the grid is 30-35 = 
-5 volts. The plate current at this instant 
reaches its maximum value of 50 ma, and the 
plate voltage reaches its minimum value of 
150 volts. At the negative peak of the input 
signal the total voltage between grid and cathode 
is -30-35 = -65 volts. The plate current at this 
instant reaches its minimum value of 10 ma and 
the plate voltage reaches its maximum value of 
350 volts. 

From the maximum to minimum values the 
peak a-c plate voltage is 



e = 
P 



E E 
max- J min 



350-150 



= 100 v 



The peak a-c plate current is 

50-10 



l - 
P 



I I 
max- min 



= 20 ma 



By the use of the I p -E p curves of figure 
7-1, A, the static characteristics of the triode 
may be determined. The plate resistance, for 
example, is the ratio of the change in plate 
voltage to the corresponding change in plate 
current for a constant bias- that is 



AE 



r =- 
P 



AI 



250-200 
60-40 



50 
20 



= 2.5 k-ohms 



The mu of the triode is the ratio of the 
change in plate voltage necessary to produce 
a certain change in plate current, to the change 
in grid voltage necessary to produce the same 
change in plate current. Thus, 



AE 



p _ 250-200^ 



AE 



30-20 



50 
10 



The mutual conductance, gm, of the triode 
is the ratio of the change in plate current to 
the change in grid voltage producing it. If the 
change in plate current is expressed in micro- 
amperes and the change in grid signal is ex- 
pressed in volts, the transconductance will be 
expressed in micromhos. Thus, 



AI 



g 



m AE 



(60-40)10^ 



20x10- 
10 



2,000 micromhos 

In terms of p and r p the mutual conductance 
may be expressed as 



5.0 



6 m = T- = JJ0Q- °- 002 mhos ' or 2 ' 000 



micromhos 

The voltage gain of an amplifier stage is 
the ratio of the signal- voltage output to the 
signal- voltage input— 

e 

voltage gain = 
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Under the conditions established in figure 7-1, 
A, the voltage gain is 



g 



From the equivalent circuit of figure 7-1, 
C, P is 5, r p is 2. 5 k-ohms, and Rl is 5 k-ohms. 
Expressed in terms of these values, the voltage 
gain is 

f*R T 



V.G. =- 



5x5 

r + R. 2.5+5 
p L 



= 3.33 



POWER OUTPUT 

The power output of the amplifier of figure 
7-1, B, may be calculated from the Ip-Ep curves 
of figure 7-1, A. The plate voltage swings 
between 150 v and 350 v as the plate current 
swings from 50 ma to 10 ma. The peak a-c 

plate current is — = — = 20 ma. The maximum 

350-150 

a-c signal voltage is g = 10 ° volts - The 

power output of the triode amplifier is 



E I 
max max 



100x0.02 

g 



1 watt 



i = instantaneous values of plate current 
P 

Ip = rms values of plate current 



Thus 



e = i R_ =_ 
o p L r +R 



The output power in watts, when Ip and Eod are 
effective (rms) values, becomes 



<" E g) 2R L 



I E 

P o (r + R T ) 
p L 



, 2 



(7-D 



In the example in figure 7-1, C, Rl is 5 
k-ohms, rp is 2.5 k-ohms, Eg is 21.2 volts 
(rms), and n is 5. The power output is 

(5x21.2)2x5x103 
0 - (2.5x103+5x103)2 * watt 

Because maximum transfer of energy occurs 
when Rl = rp, the power output for this condition 
becomes 



p o- 



(2r y 
P 



4r 



(7-2) 



The power output may also be calculated 
from the equivalent circuit of figure 7-1, C, as 
the power delivered to the load resistor, Rl- 

The voltage output of an amplifier stage is 
proportional to peg and the power output is pro- 
portional to (peg)2T 

Because peg acts in series with rp and Rl 
in the equivalent circuit, the a-c component of 
plate current is 



fie 



The output voltage appears across Rl as 
ipRL- The symbols are identified as follows: 

e = instantaneous values of output voltage 

o 

E = rms values of output voltage 
o 



In the example in figure 7-1, C, if Rl is 
changed to 2. 5 k-ohms, the power output becomes 

P =i5x2L2^= 1.12 watts 
o 4x2.5x103 



The problem of distortion is present in the 
power amplifier the same as it is in the voltage 
amplifier and here again a balance must be 
struck between maximum power output and mini- 
mum distortion. Because the human ear is not 
particularly sensitive to distortion below about 
5 percent, this amount may be allowed in the 
output circuit. When the term "undistorted" is 
used in the following considerations, distortion 
up to 5 percent is allowed. Experiments show 
that when Rl = 2rp the most noticeable distor- 
tion (that due to the second harmonic) is reduced 
to less than 5 percent. The reduction in power 
output, when Rl = 2rp as compared with the 
power output when Rl = rp, is only about 11 
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percent, as shown by the example in figure 
7-1, C. 

Increasing the load resistance in the plate 
circuit of an electron- tube amplifier tends to 
reduce the slope of the ip-e g characteristic 
curve, as shown in figure 7-2. The curves are 
flattened because the higher the load resistance 
the lower is the voltage that is available at the 
plate, and consequently the lower becomes the 
plate current. 

In general, the curve will have an appreciable 
bend if the load impedance (unity power factor) 
is equal to the plate resistance of the power- 
amplifier tube. Unfortunately this value of load 
impedance would permit maximum transfer of 
power. 

As mentioned previously, it has been found 
experimentally that MAXIMUM UNDISTORTED 
POWER OUTPUT may be achieved when the load 
impedance is approximately twice the plate 
resistance of the tube and the plate current 
variations are at the maximum permissible 
value for class-A operation. 

The equation for maximum undistortedpower 
output when the load impedance, Rl = 2rp, is 
established as follows: In equation (7-1), if Rl 



is replaced by 2r p and E g is expressed in 
effective (rms) volts, 



E g CONSTANT 




-70 



--•0 



-•50 



-40 



-so i 



-20 



-•10 



20.128 



P = 

o 



_ r g) r g) 



(r +2r )2 
P P 



4.5r 



Figure 7-2. — ip-eg curves for a given plate 
voltage under various load conditions. 



A comparison of equations (7-2) and (7-3) 
verifies the reduction in power output as a 
result of making the load impedance twice the 
plate resistance to be only about 11 percent. 
This reduction is in agreement with the example 
in figure 7-1, C. 

SECOND-HARMONIC DISTORTION 

A careful examination of figures 7-2 and 7- 3 
will reveal some of the problems involved in 
designing triode power amplifiers and also how 
the concept of second- harmonic addition maybe 
used to describe distortion. 

If the bias is adjusted so that only the straight 
portion of the ip-eg characteristic curve is used, 
the signal- voltage swing will be greatly reduced. 
Because the power output varies as the square 
of the input-signal voltage, there is a practical 
limit to the amount of restriction that can be 
imposed. The load impedance may be further 
increased, but here again the current variation 
in the plate circuit will be reduced accordingly, 
and so will the power. If the bias is reduced, 
grid clipping may occur and second harmonics, 
as well as other harmonics, may be introduced. 
Harmonics are also introduced if the bias is so 
high that the negative half of the plate- current 
swing is reduced. If the signal voltage is too 
high, both grid clipping and operation beyond 
the bend in the lower portion of the ip-eg 
characteristic curve may occur. 

When certain types of distortion are referred 
to as second- or third-harmonic distortion or 
perhaps as even- or odd-harmonic distortion, 
these harmonics are not necessarily actually 
produced in the tube. Rather the EFFECT on 
the output signal is the same as if these har- 
monics had been introduced. This concept is 
useful in explaining many types of distortion 
caused by electron tubes. 

A consideration of the distortion of the plate- 
current curve in figure 7-3 reveals the presence 
of a second-harmonic component (deliberately 
exaggerated in the figure). In this instance the 
positive half of the (solid- line) plate-current 
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Figure 7-3.— Second-harmonic distortion in a class-A power amplifier. 
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curve is increased beyond the boundaries of the 
accurate sine curve (broken- line curve) and the 
negative half is decreased. 

The lack of symmetry in the (solid- line) 
plate-current curve may be adequately explained 
if a second-harmonic signal is assumed to exist, 
as shown above the no- signal current line. 

It is helpful to make a brief mathematical 
analysis of the contributions made by the second- 
harmonic component, and by the fundamental, to 
the resultant plate current. 

The AVERAGE PLATE CURRENT, lav, may 
be established by inspection or verified by 
formula 



I +1 
max^ min 



av 



50+12.5 Q1 OK 
— r> — = 31.25 ma 
2 



The MAXIMUM PLATE- CURRENT SWING of 
the second- harmonic component, 12, is 



I -Io = 31.25-30 = 1.25 ma 
av D 



The average power output, P 0 , is 

,1 -I . W E -E . % 
_ = ( max min)( max min) 



The percentage of distortion (P.D.) due to 
the second-harmonic current component is de- 
termined by dividing the second-harmonic com- 
ponent by the fundamental component and multi- 
plying the result by 100. Thus, 

p.D. ~x 100 = y~~| x 100 =3.3 percent 

The general equation for determining the 
percentage of distortion due to the second 
harmonic is 

I +1 . -21 
P.D. = maX mm x 100 

2(1 -I . ) 
max min 



where Ib is equal to the no- signal value of plate 
current. The maximum value of the second- 
harmo lie current is 



I, 



1.25 



2max 



= 0.625 



Also, the maximum plate- current swing of 
the fundamental is 



LsI -I = 50-12.5 = 37.5 
1 max min 



and the maximum value of the fundamental is 
37 5 

therefore r = 18.75 ma. 

The equation for the AVERAGE VALUE of 
the second-harmonic component of plate current 
is 

I +1 . -2L 
max min B 



With the aid of the voltage curve, the contribu- 
tion of the two components to the plate-voltage 
variations may be determined in a similar 
manner. 



OUTPUT TRANSFORMER 

The output transformer used with audio 
power amplifiers serves as an IMPEDANCE- 
MATCHING device. Because the plate resist- 
ance of a power-amplifier tube may range 
from perhaps 1,000 ohms to more than 20,000 
ohms; and since the impedance of the loud- 
speaker voice coil may range down to 4 ohms, 
the output transformer has a step-down turns 
ratio to provide the correct ratio of primary 
voltage and current to secondary voltage and 
current. 

Impedance matching by means of a trans- 
former is illustrated in figure 7-4. It is re- 
called that the output voltage of a transformer 
varies directly as the turns ratio, and that the 
output current varies inversely as the turns 
ratio— that is. 



E N 

P _ P 

E N 

s s 



and 



I N 

s = P 
I " N 
P s 



1 AO 
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Figure 7-4.— Output transformer used as an 
impedance- matching device. 



If the 2 left sides and the 2 right sides of 
these preceding two equations are multiplied 
together, the impedance may be determined. 
Thus, 

E I N 2 

I E o N 2 
p s s 



The primary impedance of a matching trans- 
former is defined as the ratio of rated primary 
voltage to rated primary current. Similarly, 
the secondary impedance is the ratio of rated 
secondary volts to rated secondary amperes. 

E 1 

If is substituted for pand-=— is substituted 



for _£L»the impedance equation becomes 




Thus, the ratio of the two impedances that a 
transformer can match is equal to the turns 
ratio squared. 

As a practical illustration, find the turns 
ratio needed for the transformer shown in 
figure 7-4. Recall the need for Rl = 2rp. 
Because the plate resistance is 1,250 ohms, the 
primary impedance is given as twice this value, 
to permit maximum undistorted power output. 
The power fed to the 4-ohm voice coil, however, 
will be reduced unless the proper impedance is 
afforded by the transformer. The turns ratio 
that will satisfy this condition is readily de- 



termined by extracting the square root of both 
sides of the last equation. Thus, 

N 4 
s 

The amount of power that can be handled by 
an output transformer is determined by the 
current and voltage RATINGS of the windings 
and the allowable losses. The primary fre- 
quently contains a d-c component that limits 
the incremental inductance and frequency re- 
sponse. The equation for the induced voltage, 
E (rms), of a transformer winding is 

E = 4.44 fNBA 10-8 

where f is the frequency in cycles per second, 
N the number of turns in the winding, B the flux 
density of the core, and A the cross- sectional 
area of the core. In a given transformer the 
induced voltage is proportional to the product 
of the frequency and the flux density. At low 
frequencies the flux density is high and more 
distortion is introduced because of the satura- 
tion of the iron. Such saturation is frequently 
tolerated to avoid using more iron which in- 
creases size and cost of the transformer. The 
maximum allowable flux density is determined 
by the maximum allowable distortion. 

The output transformer causes a reduction 
in the output of a power amplifier at both the 
high and low frequencies as illustrated in the 
frequency response curve (fig. 7-5). The re- 
duced output at the low frequencies results 
from the shunting action of the transformer 
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Figure 7- 5. — Frequency response of an output 
transformer. 
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primary inductance on the load, as indicated in 
figure 7-6, A. 

The following symbols are used in figure 
7-6: 



Symbol Definition 

M Amplification factor of tube 

Eg Input voltage (rms) 

rp Plate resistance 

Rl Resistance of primary winding 

Li Leakage inductance of primary 

Lp Incremental primary inductance 

N Primary-to-secondary turns 

ratio 



Symbol Definition 

L2 Leakage inductance of second- 
ary 

R2 Resistance of secondary winding 

RL Load resistance 

El Voltage (rms) developed across 

the load 

k Coefficient of coupling 



The middle-frequency gain is independent of 
frequency, as indicated by the absence of 
reactance in the equivalent circuit (fig. 7-6, 
B). The reactance of the primary inductance 
is large enough for its shunting effect to be 




Ml DOLE -FREQUENCY EQUIVALENT CIRCUIT HIGH-FREQUENCY EQUIVALENT CIRCUIT 

B C 
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Figure 7-6.— Circuit analysis of an output transformer. 
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disregarded and the leakage reactances are low 
enough to be neglected. 

The reduced output at the high frequencies 
(fig. 7-6, C) results from the loss in voltage 
through the leakage reactances as a result of 
(1) load current, and (2) capacitive current due 
to shunting capacitance. 

In order to extend the flat portion of the 
frequency- response curve into the low- frequency 
region, the transformer should have a high 
primary inductance. In order to extend the flat 
portion into the high-frequency region, the leak- 
age inductance values, Li and L.2, should be low. 
With a given triode and transformer, increasing 
the load resistance, Rl, improves the high- 
frequency response without disturbing the low- 
frequency response very much. 

The voltage El across the load at the various 
frequency ranges may be determined from the 
equivalent circuit shown in figure 7-5. For 
example, at the middle range of frequencies, 

jiE^R, 

NE, 



< r p + R l> "^V 



and 



/iE NR T 



'L (r +Rj) N 2 (R 2 +R l ) 



PUSH-PULL POWER AMPLff IERS 

A number of advantages are to be gained by 
the use of a push-pull amplifier as the output 
stage of an audio-frequency amplifier. Second 
harmonics and all even-numbered harmonics, 
as well as even- order combinations of fre- 
quencies, will be effectively eliminated if the 
tubes are properly balanced and if the fre- 
quencies are introduced within the output tubes 
themselves. 

Hum from the plate power supply, which may 
be present in the single-tube amplifier, is sub- 
stantially reduced in the push-pull amplifier 
because ripple components in the two halves 
of the primary of the output transformer are 
in phase and tend to counteract each other in 
the output. 

Plate-current flow through the two halves 
of the primary winding is equal and in opposite 
directions. Therefore there is no d-c core 
saturation and the low- frequency response is 
improved. 



Regeneration is also eliminated because 
signal currents do not flow through the plate- 
voltage supply when the circuit is operated as 
a class- A amplifier. 

The last voltage amplifier preceding the 
push-pull power amplifier stage may be either 
resistance- or transformer- coupled to the power 
stage. If the power amplifier is operated class 
A or class AB, the driver commonly employs 
resistance coupling because it affords a better 
frequency response. A phase- inverter tube, 
or section of a tube, must be used in connection 
with the resistance-coupled driver to provide 
the correct phase relation at the input of the 
push-pull stage. 

When the power tubes are operated class B, 
an input transformer employing a step- down 
turns ratio is commonly used. The transformer 
not only supplies the grid current necessary 
for class- B operation, but at the same time 
permits an instantaneous signal voltage of the 
correct polarity to be applied to the grids of 
the two power tubes. 

Class-B power amplifiers draw practically 
no plate current when no signal is applied, and 
plate efficiency is much higher than that of 
class- A amplifiers. They are subject, however, 
to third-harmonic distortion, and the operating 
conditions are critical. 

TRANSFORMER- COUPLED 

A transformer- coupled push-pull amplifier 
is shown in figure 7-7. It is assumed that the 
following operating conditions are in effect: The 
grid bias is such that the plate current in each 
tube flows during the entire input-voltage cycle 
(class A), and during the positive half of the 
cycle the grid-voltage excursion extends over 
a portion of the lower bend of the ip-eg 
characteristic curve. The tubes are also prop- 
erly matched and operate into the correct 
loads. 

When no signal voltage is applied, equal 
plate currents flow through each tube. Equal 
currents also flow through each half of the 
primary of the output transformer toward the 
center tap. The magnetomotive forces resulting 
from the currents are equal and opposite and 
therefore cancel, leaving no magnetic field due 
to the d-c component of the plate current. This 
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Figure 7-7.— Transformer- coupled push-pull 
amplifier. 



cancellation effect is a big advantage over the 
single-tube output in which direct current flows 
continuously through the primary winding and 
establishes a d-c field component 

A signal voltage across the secondary of the 
input transformer, Tl, will at a given instant 
have polarities as indicated. This voltage will 
be divided equally between tubes A and B. The 
push-pull arrangement thus requires, and will 
handle, twice the input voltage of a single tube 
under similar operating conditions. The grid 
of tube A is positive with respect to the center 
tap at the instant the grid of tube B is negative. 
Plate current increases in tube A and decreases 
a proportionate amount in tube B. 

The increase in current flowing down through 
Lpj and the decrease in current flowing up 
through Lp2 constitute two magnetomotive forces 
that comoine additively to produce an output 
voltage in the secondary that is proportional to 
the sum of these two components. 

Second harmonics are eliminated in the push- 
pull output, as shown in figure 7-8. The dynamic 
ip-eg curve for tube B is inverted with respect 
to tnat of tube A in order to show the phase 
relation between the signal components of the 
two tubes. Thus, when the input signal swings 
the grid voltage of tube A in a positive direc- 
tion it is swinging the grid voltage of tube B 
the same amount in a negative direction. Plate 
current in tube A increases as plate current in 
tube B decreases. The plate current swing 
about the X-X axis for tube A is not sym- 
metrical because the tube is operating on a 
nonlinear portion of the ip-e g characteristic 
curve. The same condition is irue of the plate 
current swing about the X^-X* axis for tube B. 

The plate- current curves of each tube may 
be resolved into a fundamental and second 



harmonic. Thus, the axis of the fundamental 
and its second harmonic is displaced from the 
axis of the original plate current curve by an 
amount equal to the peak value of the second 
harmonic. Combining the fundamental compo- 
nents of both tubes gives an output of twice the 
amplitude of one tube. However, when the second 
harmonics are combined, the resultant is zero 
because they are 180 degrees out of phase. The 
fundamental output current has the same wave- 
form as the input voltage— an effect that would 
have been produced had both tubes been free of 
second harmonics. 

POWER OUTPUT 

The power output of a class- A push-pull 
amplifier is conveniently determined by using 
the equivalent circuit shown in figure 7-9, A. 
If eg is the maximum input- signal voltage then 
the maximum current through the load is 

I 2 * e 6 

max ■ — 

r -+r 0 +R. 
pl p2 L 

and the peak voltage across the load is 

E =R T I 
max J-» max 

_ 2 V e g 



2r + R T 
P L 




The average power output consumed in the 
load is 

E I 
« max max 

o 2 



a 2R, 



As an example of push-pull class-A triodes, 
assume that the mu of each tube is 4 and that 
the plate resistance is 800 ohms; also assume 
that the peak signal voltage is 43 volts and that 
the effective load impedance (plate-to-plate) is 
5,000 ohms. The power output is 

>o=«l(A- Rl ) 2 

' 2x5 '°°° UeoolVooo ) 2 ' 6 8 wa,ts 
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For class-A power pentodes, assume that 
the mu of each tube is 120 and that the plate 
resistance is 22,000 ohms; also assume that 
the peak- signal voltage is 16 volts and that the 
total load impedance is 5,000 ohms. The average 
power output is 



P o = 2R L ( 2 -Sr 



= 2x5 



P L; 

.ooo f, 120x16 



2x22,000+5,000 



3 watts 



If one tube is removed from the circuit the 
voltage acting in the equivalent circuit is lowered 
and at the same time the impedance in the plate 
load is reduced. Since the output impedance 
varies as the square of the number of turns, the 
removal of one tube leaves only one- half as 
many turns in the plate circuit. The load im- 
pedance is therefore (1/2)2, or 1/4 of its former 
value, as indicated in figure 7-9, B. 

The maximum plate current now becomes 



I 



max 



rp+ -r 



and the maximum voltage across the load be- 
comes 



E =1 4 
max max 



R, 



R T 



The average power output is then 

I E 
_ - max max 



fxe R T 
r+ R L 4 




If one of the pentodes of the preceding 
example is removed from the circuit, the power 
output becomes 



5,000 



( 120x16 \ : 
22,000 + 5 -^/ 



= 4.25 watts 



This is a reduction in power of 72 percent. 

The CLASS-B POWER AMPLIFIER is biased 
approximately to cutoff so that plate current 
flows in one tube during one half of the input 
cycle and in the other tube during the other 
half of the input cycle. Thus, one tube ampli- 
fies the positive half and the other the negative 
half of the input signal voltage. Both halves are 
combined in the secondary of the output 
transformer. 

Since plate current flows in a given tube 
for only half of the input cycle and no ap- 
preciable current flows whegi no signal is 
applied, this type of amplifier has a higher 
efficiency than an amplifier operated class A 
or class AB. A class- B push-pull amplifier 
circuit is shown in figure 7-10, A. 

The input- signal voltage curves shown in 
figure 7-10, B, make the grids alternately 
positive with respect to their associated cathodes 
on the positive peaks. When the grid voltage 
of triode A is positive maximum the plate 
voltage is minimum and the plate current is 
maximum. At this instant the reverse opera- 
tion is taking place in triode B. The output 
signal voltages of the two tubes combine in 
series addition across the primary of the out- 
pJT transformer. 

The plate voltage is alternately the sum and 
difference of the B- supply voltage and the in- 
duced voltage of one-half of the transformer 
primary. 

The maximum plate current depends on the 
positive peak of the grid signal, and the minimum 
plate potential acting simultaneously on the tube 
electrodes. The minimum plate potential de- 
pends on the amount of voltage drop in the plate 
load. For best efficiency the minimum plate 
voltage should be as small as possible but not 
so small that the grid will draw excessive 
current. 

The correct plate-to-plate load resistance in 
terms of I max , E m i n , and Eb of a single tube 
may be determined as follows: The current 
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Figure 7-8.— Graph showing second-harmonic elimination. 



pulses from tubes A and B flow through only 
one-half of the primary of the output trans- 
former; if they flowed through the entire pri- 
mary, the amplitude would be only half as much, 

*max 
or— j- 

The equivalent load resistance, R^, acts in 
series with the triode plates and is equal to the 



impedance of the output transformer and its load 
as measured in terms of theprimary. The volt- 
age drop across Rl is ^^ Rl* The alternating 

voltage drop between the plate and cathode of 
one tube is equal to one-half the voltage drop 
across Rl since the 2 tubes are in series. Thus, 

A _ A *max R L _ ImaxRL 
e ~ 2 2 ~ 4 
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Figure 7-9. — Equivalent circuit of a push-pull 
amplifier. 



Since the voltage across a single tube is 
equal to EB-E m i n , the equation may be rewritten 
as 



ImaxftL 



EB-Emi 



in 



from which 



(EB-E min ) 
imax 

The average power output is equal to one- 
half the peak instantaneous power, or 

Imax(EB-Emin) 

Using the values indicated on the curves oJ 
figure 7-10, B 



4(400-100) 
0.120 



= 10,000 ohms 



and the average power output is 
0.120(400-100) 



- 18 watts 



The output power may also be determined 
by the use of the equivalent circuit shown in 
figure 7-10, C. If the maximum value of grid 
voltage, eg, is assumed to be 87 volts, the 
maximum value of the signal current in the 
equivalent circuit will be 

2 /ieg 2x4x87 
l '^SL' 2x800+10,000 = 0 06 amp6re 

The maximum value of the signal voltage 
appearing across the load is 

eL = i^L 

= 0.06x10,000 600 volts 
and the average power output is 

2 



600x0.06 



18 watts 



The output power of the class- B push-pull 
triode amplifier is about 2.6 times the output 
of the class- A triode amplifier given previously 
in this chapter. 

Although approximately twice the signal volt- 
age is applied to the grids of the class- B 
triodes as is applied to those of the class-A 
triodes, the output power is not 4 times as much 
because the load resistance of the class-B triode 
push-pull circuit is twice that of the class-A 
stage. 



THE DECIBEL 

The decibel is more practical than the bel 
for expressing power ratios. The bel is named 
in honor of Alexander Graham Bell, inventor of 
the telephone. Ten decibels equal one bel. 

UNIT OF POWER GAIN OR LOSS 

The international transmission unit, the 
BEL, is a unit of gain equivalent to 10 to 1 
ratio of power gain. Thus the gain in bels 
is simply the number of times that 10 is taken 
as a factor to equal the ratio of the outpat 
power of an amplifier to the input power. If, 
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Figure 7-10.— Class- B operation. 



for example, the output power is 100 times the 
input, the ratio is 100 to 1, or 102 to 1. The 
gain is therefore 2 bels: and the gain in deci- 
bels (db) is 10 times 2. or 20 decibels. 

Where the power ratio is 1000 to 1, it may 
also be written as 103 to 1, or 3 bels; and the 
gain in db is 10 x 3, or 30 decibels. 

Where the power ratio has been increased 
10,000 times, that gain is 10 4 to 1. or 4 bels 
and the gain in decibels equals 40 db. This 
relationship between the numbers can be ex- 
tended and readily associated in table 7-1. 

The number of 10 factors contained in any 
ratio of the output power to the input power is 
the logarithm of the ratio to the base 10. The 
gain in decibels may therefore be expressed con- 
veniently as 

?2 

db= 10 logio-^p 

where P2 and Pj are respectively the output and 
input power in watts. 

The human ear responds to ratio changes in 
intensity rather than to changes in absolute value. 



Table 7-1.— Relation between db and 
power ratio. 



. No, of 1 No. of 
Fower Ratio mm m i ^ 
10 factors BELS 

j 


No. of db 


1,000,000 to 1 


10 6 


6 


60 


100,000 to 1 


10* 


5 


50 


10,000 to 1 


10 4 


« 


40 


1,000 to 1 


10* 


3 


30 


100 to 1 


10* 


2 


20 


10 to 1 


101 


1 


10 


1 to 1 


10° 


0 


0 



In other words, the ability of the human ear to 
detect changes in the intensity of sound is much 
greater at low levels of intensity than it is at 
high levels. A change in power level of 1 db 
is barely perceptible to the ear, and for this 
reason attenuators in audio systems are fre- 
quently calibrated in steps of 1 db. 

Because the ear responds logarithmically to 
variations in sound-intensity levels, any prac- 
tical system for measuring sound- intensity 
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levels must necessarily vary logarithmically. 
The decibel system of measuring power levels 
is based on this concept. 

Since the gains or losses in a system are 
expressed logarithmically, they are simply 
added or subtracted to determine the overall 
gain or loss. For example, transmission lines 
introduce a loss in power, amplifier stages 
produce a gain, and attenuators introduce a loss. 
The final result is the algebraic sum of the 
various gains and losses. A db gain or loss 
is readily determined by the use of equation 
(7-4). 



CURRENT AND VOLTAGE RATIOS 

Primarily, the decibel is a unit of measure 
of power ratios. It can be used readily to com- 
pute current ratios as well, provided the resis- 
tances through which the currents flow are taken 
into account. The db gain or loss expressed in 
terms of the currents and resistances is deter- 
mined as follows: 



12 

db=2 ° lo ^0 Tl JWi 



(7-5) 



where I2 and l\ are respectively the output and 
input currents in amperes, and R2 and Ri are 
respectively the output and input resistances in 
ohms. Thus, if the two currents and resistances 
are known, the db gainor loss can be determined 
by substitution in equation (7-5). If the resis- 
tances are equal they may be canceled out. 

The same reasoning also applies to the volt- 
age ratio provided the resistances across which 
the voltages are applied are properly considered. 
The equation for db gain or loss when voltages 
and resistances are employed directly is deter- 
mined as follows: 



E2\/rT 
db = 20 logio^ylz 



(7-6) 



where E2 and El are respectively the output and 
input voltages, and R2 and Ri are respectively 
the output and input resistances in ohms. 

If the voltages and resistances are known, 
the db gain or loss may be determined by direct 
substitution in equation (7-6). If the resistances 
are equal they may, of course, be canceled out. 



REFERENCE LEVELS 

Considerable confusion has resulted from the 
use of various so-called zero-power reference 
levels. The term "zero reference level" is in 
itself somewhat confusing because it does not 
mean that no power is developed at that level. 
It means rather that the output level is referred 
to an arbitrary level designated as the reference, 
or zero, level; and as such it is perhaps one 
of the most convenient ways of expressing a 
power ratio. It is meaningless to say, for 
example, that a certain amplifier stage has an 
output of 30 db unless reference is made to some 
established power level. 

It is common practice in naval and other 
telephone work to consider 6 milliwatts as the 
reference power level. Other values are also 
used in this and other fields; for example, 1, 
10, and 12.5 miiliwats, depending upon which 
unit is most convenient under the circum- 
stances. 

The VOLTAGE gain or loss of microphones, 
transmission lines, and voltage amplifiers is 
also generally expressed in decibels. In general, 
transmission lines introduce a loss and voltage 
amplifiers produce a gain. A reference volt- 
age level and the resistance (if it differs from 
the one being compared) across which the 
signal appears must be given in order that the 
gain or loss may have meaning. 

The voltage output of a microphone may be 
expressed in terms of decibels below 1 volt per 
dyne per cm^. In other words, 1 dyne acting 
on 1 square centimeter and producing an out- 
put of 1 volt is taken as the zero- decibel output 
level. 

When the voltage gain of an amplifier stage 
is given in decibels the input and output im- 
pedances must be given or they must be as- 
sumed to be equal. Thus if they are assumed 
to be equal, the gain in decibels may be ex- 
pressed as 



db 



E2 

20 log 10 ^ 



where E2 is the output voltage and Ej the input 
voltage. 

When certain arbitrary power reference 
levels are used, the db gain or loss is given a 
special designation. One of these designations 
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is the dbm, or the power level in decibels re- 
ferred to 1 milliwat, as 

dbm = lo eio oxk 

where P is the power in watts. 



Typical power levels in dbm (0.001 watt in 
600 ohms) are shown in figure 7-11 for various 
applications in audio systems. 

The volume level of an electrical signal 
made up of speech, music, or other complex 
tones is measured by a specially calibrated 
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Figure 7-11. — Typical power levels in dbm (0.001 watt in 600 ohms) for various parts 

in audio systems. 
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voltmeter called a VOLUME INDICATOR. The 
volume levels registered on this indicator are 
expressed in volume units (VU). The number 
of units is numerically equal to the number of 
decibels above or below the reference volume 
level. Zero VU represents a power of 1 milli- 
watt dissipated in an arbitrary load resistance 
of 600 ohms (corresponding to a voltage of 
0.7746 volts). Thus, when the VU meter is 
connected to a 600-ohm load, VU readings 
in decibels can be used as a direct measure of 
power above or below a 1- milliwatt reference 
level. 



4. If an amplifier has a 30-db gain, what volt- 
age ratio does this gain represent (assume equal 
resistances)? 




db = 20 log x 
30 = 20 log x 
log x = 1.5 
x = 31.6 
The voltage ratio is 31.6 to 1. 



USE OF DECIBELS 

Some practical examples illustrating the 
use of decibels will clarify the foregoing para- 
graphs. (Logarithms to the base 10 are called 
COMMON LOGARITHMS. When the subscript 
following the logarithm is omitted, the base is 
understood to be 10. The following examples 
involve common logarithms.) 

1. How many decibels correspond to apower 
ratio of 100? 



db = 10 log 



Z2. 



Pi 

= 10 log 100 

= 10x2 20 

2. How many decibels correspond to a volt- 
age ratio of 100 (assume equal resistances)? 

E2 

db= 20 log -g2- 

= 20 log 100 

- 20x2 = 40 

3. If an amplifier has a 20-db gain, what 
power ratio does this gain represent? 



p 2 _ 


X 


Pi ~ 




db = 


10 log x 


20 = 


10 log x 


log x = 


2 


X = 


100 



5. A certain microphone rated at -75 db is 
connected to apreamplifier through an attenuator 
rated at -10 db. The final audio amplifier is 
driven by the preamplifier and has a gain of 
30 db. What must be the db gain of the pre- 
amplifier to balance out the losses in the micro- 
phone and attenuator? (All db gains or losses 
have the same reference level). 

The total loss is 75fl0 or 85dband therefore 
the preamplifier must have a gain of 85 db to 
bring the losses to 0 db. From this point the 
main amplifier increases the gain 30 db above 
the common, or zero, reference level. 

6. If the input to a certain loudspeaker is 
increased froni 5,000 milliwats to 6,000 milli- 
watts, could the increase in volume level be 
readily detected by the human ear? 



db = 10 log|? 



= 10 log 



6,000 



5,000 
= 10 log 1.2 
= 10x0.0792 
= 0.792 



Because a change of 1 db is barely discern- 
ible, a change of 0.792 db would probably not be 
detected. 

7. If 1 volt is applied across the 600-ohm 
input of a certain amplifier and 500 volts is 
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developed across the 5.000-ohm output, what is 
the db power gain? 

E 0 ut2 500 2 



R ou t 5,000 



_ 50 watts 




%"fc = 0.00166 watt 

OUU 



0.00166 
= 10 log 30,000 
= 10x4.4770 
= 44.8 

8. If the noise level in a certain transmission 
line is 50 db down from the desired signal level 



of 10 mw, how much power is contained in the 
noise level? 



db = 10 log 



P2_ 
Pi 



where Pj is the power in milliwatts contained 
in the noise level and P2 is the power in milli- 
watts contained in the desired signal level. 
Substituting, 



50 = 



.0 log j? 



5 = log 



10 



105 = i» 



Pi = 



10 

Pi 

Y Q 5 ■ 10-4 = 0.0001 mw 



1-74 



CHAPTER 8 



OSCILLATORS 



INDUCTANCE-CAPACITANCE 
OSCILLATORS 

The primary function of an oscillator is to 
generate a given frequency and to maintain that 
frequency within certain limits. To that end 
inductance- capacitance oscillators depend for 
their operation on the resonant interchange of 
energy between a capacitor and an inductor, with 
an electron-tube amplifier supplying pulses of 
energy of the proper phase and magnitude to 
maintain the oscillations. Resonant circuits 
(tuned circuits) are treated in chapter 4, and 
electron-tube amplifiers are treated in chapters 
6 and 7. 

In addition to their use as amplifiers, 
electron tubes are used as oscillators for the 
generation of alternating voltages. When thus 
used as oscillators, electron tubes are essen- 
tially converters that change d-c electrical 
energy from the plate power supply into a-c 
electrical energy in the output circuit. To 
accomplish this energy conversion, the ampli- 
fying ability of the electron tube is used in such 
a manner as to generate sustained oscillations. 

Two conditions are necessary if sustained 
oscillations are to be produced. FIRST, the 
feedback voltage from the plate circuit must be 
in phase with the original excitation voltage on 
the grid— that is. the feedback must be positive, 
or regenerative. SECOND, the amount of energy 
fed back to the grid circuits must be sufficient 
to compensate for the energy losses in the grid 
circuit. 

Feedback may be accomplished by induc- 
tive, capacitive, or resistive coupling between 
the plate and the grid circuit. Various circuits 
have been developed to produce feedback of the 
proper phase and amount. Each of these cir- 
cuits has certain characteristics that make its 
use advantageous under given circumstances. 

If the proper values of inductance and 
capacitance are used, tuned-circuit oscillators 
may be designed to generate frequencies from 



the low frequencies in the audio range to the 
very high radio frequencies. The upper fre- 
quency limit is determined in general by the 
distributed inductance and capacitance of the 
circuit components and the interelectrode ca- 
pacitance of the tubes. 

The electron tube itself is not an oscillator. 
The oscillations actually take place in the tuned 
circuit, a part of which may be composed of 
the interelectrode capacitances of the electron 
tube and the distributed capacitances and in- 
ductances of the circuit. The electron tube 
functions primarily as an electrical valve that 
amplifies and automatically delivers to the 
grid circuit the proper amount of energy to 
maintain oscillation. 

A basic oscillator showing the circuits 
necessary for its operation is shown in figure 
8-1. 

TICKLER- FEEDBACK OSCILLATOR 

One of the simplest types of oscillator 
circuits is that employing tickler feedback, as 
shown in figure 8-2. Feedback voltage of the 
proper phase from the plate to the grid circuit 
is accomplished by mutual inductive coupling 
between the oscillator tank coil, L2, and the 



FEEDBACK 

CIRCUIT 



GRID 
CIRCUIT 




PLATE 

CIRCUIT 



20.138 



Figure 8-1. — Basic oscillator circuit. 
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Figure 8-2. — Ticker feedback oscillator 
circuit. 

tickler feedback coil, LI. The amount of feed- 
back voltage is determined by the amount of 
flux from LI that links L2. Thus the feedback 
voltage is varied by moving LI with respect to 
L2 or by changing the setting of a variable 
resistor that is sometimes shunted across LI. 

The frequency-determining part of the os- 
cillator is the tank circuit, L2CT. The coil and 
tuning capacitor interchange energy at the 
resonant frequency rate and the excitation volt- 
age developed across CT is applied to the grid 
in series with the grid-leak bias across RC1. 

Grid current flowing through R establishes 
negative bias on the grid. Capacitor CI charges 
up to the peak voltage across R and holds this 
voltage between r-f pulses because of the 
relatively long time constant of RC1 as com- 
pared with the time for each r-f cycle. A 
steady bias voltage is therefore developed when 
the oscillator is functioning properly. Thus one 
test for proper operation is a measurement of 
the d-c voltage across the grid resistor. To 
avoid blocking the oscillations, ahigH-resistance 
type of meter, such as the electron-tube volt- 
meter, should be used for this measurement. 

SERIES- FED HARTLEY OSCILLATOR 

Figure 8-3, A shows the circuit of a series- 
fed Hartley oscillator and the curves of grid 
voltage, plate current, and plate voltage for 
class-C operation. The plate circuit is shown 
in heavy lines. Inductor LI is a part of the 
tuned circuit made up of LI, L2, and CT; it 
also serves to couple energy from the plate 
circuit back into the tuned grid circuit by 
means of the mutual inductance between LI and 
L2. Capacitor CI blocks the d-c component 
of grid current from L2, and, together with Rg, 
provides the necessary operating bias. Capac- 



itor C2 and the radio-frequency choke (r-f-c) 
keep the alternating component in the plate 
circuit out of the B- supply. 

The B-supply in figure 8-3, A is returned 
to the resonant tank coil, LI. The tuned circuit 
therefore contains a d-c component of plate 
current in addition to the a-c signal component. 
Thus the B-supply is connected in series with 
the plate and tank coil LI. This is a SERIES- 
FED connection. 

The Hartley oscillator operates with both 
mutual inductive coupling between LI and L2 
and by the coupling provided by capacitor CT. 
The following explanation is based on mutual 
inductive coupling: 

1. When the cathode is heated and plate 
voltage is applied, plate current rises. 

2. The increase in plate current through LI 
induces a voltage in L2 with the grid end posi- 
tive, causing plate current to rise to point h 
figure 8-3, B. 

3. Plate current through LI stops rising at 
point 1 and the voltage induced in L2 is reduced 
to zero. 

4. Plate current starts to fall. 

5. The decrease in plate current through LI 
induces a voltage in L2 that makes the grid 
swing in a negative direction and plate current 
further reduces. 

6. When plate current in LI stops falling 
(point 2) the mutually induced voltage in L2 
again drops to zero. 

7. In the absence of the negative going 
voltage in L2, plate current again starts to rise 
and the cycle repeats (point 3). 

8. On each subsequent cycle the bias voltage 
builds up across CI and Rg until it reaches a 
safety value as shown in figure 8-3, B. 

9. Normal bias indicates class C operation 
(fig. 8-3, C). The interchange of energy between 
the tank coil and capacitor (flywheel effect) main- 
tains the oscillations during the time that plate 
current is zero and no energy is being delivered 
to the oscillator from the B supply. 

The Hartley oscillator will also operate if 
M, the mutual inductance between LI and L2, is 
zero (fig. 8-3, A) because of the coupling effect 
of tank capacitor CT. For example, if plate 
current is increasing, CT will charge to a higher 
voltage and the accompanying charge curren* 
will flow down through L2. The decay in the 
charge current is accompanied by a self-induced 
voltage e2 in L2 having a positive polarity on 
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Figure 8-3.— Analysis of Hartley oscillator. 



the grid end. (The self-induced voltage is in the 
same direction as the charge current and tries 
to sustain it.) 

Conversely, if plate current is decreasing, 
tank capacitor CT will discharge. The path of 
the discharge current is up through L2. The 
self- induced voltage e2 in L2 now makes the 



grid negative with respect to the cathode causing 
a further decrease in plate current. 

Thus, CT couples a self-induced voltage on 
both half cycles, back to the grid, in phase with 
the initial excitation voltage (positive feedback) 
and oscillations are sustained. 
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The time constant of RgCl should be rela- 
tively long compared with the time for one 
oscillator cycle. If it is too short, the bias will 
be lost, and if it is too long the oscillator will 
be blocked periodically because of excessive 
accumulated bias. Self-bias makes the oscil- 
lator self-starting when the filament is energized 
and the place voltage is applied. 

Loading the oscillator may be accomplished 
by placing a relatively high resistance in shunt 
with the tank circuit or a low resistance in series 
with it. In either case the effective Q is reduced 
and the amplitude of the generated voltage is 
lowered. If the load is coupled inductively to the 
oscillator, the point of coupling should be near 
r-f ground. Loading the oscillator may detune 
it. Buffer stages are frequently inserted between 
the oscillator and its load to isolate the oscillator 
and prevent frequency changes. 

The resonant frequency of the tuned circuit 
is essentially the frequency of the oscillator. 
Expressed in terms of the resonant tank in- 
ductance and capacitance, the resonant fre- 
quency is 

1 

f = 2ny/hC 

where f is the resonant frequency in cycles per 
second, L, the inductance in henrys and C the 
capacitance in farads. This expression was 
derived in chapter 4 of this training course 
from the relation Xl = Xc at resonance. 

A more convenient form of the formula may 
be derived by making the following substitutions 
in the above formula: 

L = L . x l(f 6 
//h 

C=C ,xlO" 12 

0.159 

i = i x 10 6 
mc 

where Ljxh is the inductance in mcirohenrys, C 
the capacitance in micromicrofarads, andf mc is 
the frequency in megacycles. 



0.159 x 10 
f mc = = 

VL " xlO' 6 xC ,xl0~ 12 
f ^h jifif 

159 

For example, if the inductance of the tajik 
circuit is 100 microhenrys and the capacitance 
is 100 micromicrofarads, the resonant fre- 
quency of the oscillator is 



f = — =1.59 megacycles. 

0 Vl00 x 100 

SHUNT- FED HARTLEY OSCILLATOR 

The shunt-fed parallel-fed Hartley oscillator 
(fig. 8-3, D) differs from the series-fed Hartley 
oscillator in that direct current does not flow 
through the tank circuit. Figure 8-3, D indi- 
cates that the B-supply is connected in shunt 
with the triode plate and the portion of the tank 
circuit that includes LI. The d-c component of 
plate current is kept out of the LI tank circuit 
by the blocking capacitor, C2, and the a-c 
component is kept out of the plate power supply 
by the radio-frequency choke coil. 

An advantage of shunt feed is that the high- 
voltage B-supply is isolated from the tuned 
circuit. 

COLPITTS OSCILLATOR 

The Colpitts oscillator shown in figure 8-4 
is similar to the shunt-fed Hartley oscillator 
with the exception that the Colpitts oscillator 




Figure 8-4.— Colpitts oscillator circuit. 
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uses a split tank capacitor as a part of the 
feedback circuit instead of a split tank inductor. 
The frequency of the oscillations is determined 
by the values of L, CI, and C2; and the grid 
excitation voltage appears across C2 instead 
of across L2 as in the shunt-fed Hartley oscil- 
lator, C3 and C4 perform the same function in 
this circuit as CI and C2 in the shunt-fed Hartley 
circuit. 



A simplified vector analysis of the Hartley 
and Colpitts oscillators is illustrated in figure 
8-5. In the Hartley oscillator (fig. 8-5, A) C2 
couples the triode plate to the lower end of LI, 
placing ep across Lt and across the series 
combination of L2 and CT. The L2CT branch 
is predominately capacitive (X c is greater than 
Xl). The current i2 in this branch leads e p by 
90 degrees. The grid excitation voltage eg is 
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Figure 8-5. — Vector analysis of Hartley and Colpitts oscillators. 
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across L2 and this voltage leads the current i2 
by 90 degrees. Thus e p across the plate load 
impedance is 180° out of phase with the grid 
excitation voltage eg. 

In the Colpitts oscillator (fig. 8-5. B) C4 
couples the plate to the lower end of CI placing 
ep across CI and the series combination of C2 
and L. The a-c component of current ii in CI 
leads ep by 90 degrees. The C2L branch is 
predominately inductive because Xl is greater 
than Xc in this branch. The current i2 in this 
branch lags the voltage e p across the LC2 
branch by 90 degrees. However the grid voltage 
eg is across C2 and lags the current i2 by 90 
degrees. Again, the voltage e p across the plate 
load impedance is 180° out of phase with eg. 

ULTRA- AUDION OSCILLATOR 

The ultra- audion oscillator (fig. 8-6), fre- 
quently employed at ultrahigh frequencies, is 
similar to the Colpitts oscillator. The grid- 
to-cathode and plate-to-cathode interelectrode 
capacitances that make the operation of the 
ultra-audion oscillator similar to that of the 
Colpitts oscillator are indicated by dotted lines 
in the figure. Parallel feed is employed, and 
the radio- frequency choke prevents the a-c 
component of the plate voltage from entering 
the B-supply. Capacitor C2 provides a low- 
reactance path for r-f current and blocks 
direct current from the tank. 

The voltage drop across Cgfc is appreciable 
at the frequency employed and provides the grid 
excitation. Bias voltage is developed by the flow 
of grid current through R. The total tank 
capacitance is made up of CT in parallel with 
the series combination of Cl« Cgk, Cpk, andC2. 
Capacitors CI and C2 are relatively large so 




that they will offer negligible reactance to r-f 
currents. 

TUNED-PLATE TUNED-GRID 
OSCILLATOR 

The tuned-plate tuned-grid (t-p- t-g) oscil- 
lator utilizes a tuned circuit in both the plate 
and the grid circuits, as shown in figure 8-7. A. 
This type of oscillator may be employed in a 
wide range of frequencies from the low fre- 
quencies to ultrahigh frequencies. However, 
because of reduced feedback between plate and 
grid at low frequencies, the t-p- t-g oscillator 
is not so satisfactory at low frequencies as 
some of the circuits that have already been 
considered. 

The feedback necessary to sustain oscilla- 
tions is coupled* from the plate circuit to the grid 
circuit by means of the interelectrode capaci- 
tance between the plate and the grid. 

In the equivalent a-c circuit (fig. 8-7, B)both 
(parallel) tanks are below resonance a small 
amount so they appear as highly inductive coils 
L'l and L ? 2. 

The plate- grid capacitance Cpg is small and 
Xcpg correspondingly large; Xcpg is greater 
than Xl*1 and the left hand branch is capacitive. 
The right hand branch is inductive and at the 
operating frequency Xc - Xl' 1 = Xl' 2- 

Plate voltage, e p (fig. 8- 7, C) is the reference 
vector; e p appears across both parallel 
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Figure 8-6. — Ultra- audion oscillator circuit. 



Figure 8-7.— Tuned-plate tuned-grid oscilla- 
tor and equivalent circuits. 
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branches. The current iL2 lags e p by 90° be- 
cause it flows in the inductive circuit L f 2. The 
current icpg leads e p by 90° because it flows in 
the left hand branch which contains more capaci- 
tive reactance than inductive reactance. The grid 
voltage eg leads i cp g by 90° because it appears 
across the inductive portion L'l of the left hand 
branch. 

Notice ip is in phase with eg and 180° out of 
phase with e p ; the relation necessary to sustain 
oscillations. The tank having the highest Q(fig. 
8- 7, A) determines the oscillator frequency. If 
the plate tank is more heavily loaded than the 
grid tank, the grid tank will have the higher Q 
and determine the oscillator frequency. 

PUSH-PULL OSCILLATOR 

In order to obtain a power output larger 
than is possible with a single tube, an addi- 
tional tube may be added in push-pull. As in 
push-pull amplifiers, the harmonic content of 
the output is reduced. The frequency stability 
of the push-pull oscillator is increased over 
that of single-ended types. The effect of inter- 
electrode capacitance is reduced and the fre- 
quency range is extended. Push-pull oscillators 
are used generally at high and ultrahigh fre- 
quencies. 

The push-pull oscillator (fig. 8-8) utilizes 
the interelectrode capacitance of each tube to 
feed back to the grid tank sufficient voltage to 
sustain oscillations. 

When the oscillator is first energized it is 
improbable that the two tubes will be operating 
under exactly the same conditions. One tube 
therefore conducts more current than the other, 
and the voltages fed back to the two grids are 
unequal. 

The push-pull oscillator is effectively two 
t-p t-g oscillators connected in push-pull. The 
action in VI is similar to that previously de- 
scribed for the t-p t-g oscillator (fig. 8-7). 

Like push-pull amplifiers the grid voltages 
are 180° out of phase. It is important that the 
center taps on LI and L2 be at the exact center 
of the coils to avoid distortion in the output. 
Like push-pull amplifiers even order harmonics 
are cancelled in the output. 
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Figure 8-8. — Push-pull oscillator circuit. 

ELECTRON-COUPLED OSCILLATOR 

Three factors affect the stability of an 
oscillator: (1) changing values of C and L; (2) 
load changes; and (3) variations in the power 
supply voltage. 

The electron-coupled oscillator (eco) is 
lightly loaded (especially when the plate tank is 
used as a frequency multiplier). Supply voltage 
variations cancel in the eco due to opposite 
effects on plate and screen. Thus the eco has 
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greater frequency stability than other types of 
oscillators employing other types of coupling. 

The electron-coupled oscillator shown in 
figure 8-9 combines the functions of an oscil- 
lator and a power amplifier. The control grid, 
tank circuit (CT, LI, and L2), cathode, and 
screen grid form a series-fed Hartley oscilla- 
tor with the screen grid serving as the plate. 
Capacitor C2 places the screen at zero r-f po- 
tential, and like C3, bypasses the plate supply. 

The output tuned circuit, C4L3, is in the plate 
circuit. The electron stream is the only coupling 
medium between the grid tank and the plate 
tank—hence the name ELECTRON-COUPLED 
OSCILLATOR. The two tank circuits are isolated 
by the screen grid, which is at r-f ground po- 
tential. This type of oscillator is relatively 
stable. Load variations have slight effect on 
the frequency of the oscillations. 

An increase in screen voltage decreases the 
frequency of the oscillator, while an increase 
in plate voltage increases the frequency. If the 
screen and plate voltages are derived from the 
same power supply and the supply voltage in- 
creases, the tendency of the plate to increase 
the frequency and the screen to decrease the 
frequency cancel each other and the frequency 
remains unchanged. Conversely, a decrease 
in supply voltage has a similar effect. The 
tendency of the plate to decrease the frequency 
and the screen to increase the frequency again 
cancel each other. Potentiometer, R2 is ad- 
justed for optimum screen voltage after which no 
further adjustment should be necessary. Fre- 
quency stability is best when the ratio of the 
plate-to-screen voltage is about 3 to 1. 
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Figure 8-9. — Electron- coup led oscillator 
circuit. 



NEGATIVE -RESISTANCE OSCILLATOR 

A negative-resistance effect exists in a cir- 
cuit if an increase in voltage across the circuit 
is accompanied by a decrease in current through 
it. This negative resistance effect was noted 
in the discussion of screen-grid tubes (ch. 1 of 
this training course). Thus, an increase in plate 
voltage of a tetrode is accompanied by a decrease 
in plate current, provided the plate voltage does 
not exceed that of the screen. 

Another concept of negative resistance is 
applied to regenerative feedback in an oscillator. 
In supplying the input power to the oscillator, 
regenerative feedback introduces a negative 
resistance. In this sense negative resistance 
represents a source of power that supplies the 
losses in the oscillator circuit. 

In the various feedback oscillator circuits 
that have been considered, enough power was 
available to overcome the circuit losses and to 
supply the necessary external load. If all of the 
circuit and load losses were represented by an 
equivalent resistance in the plate circuit, the 
amplifier action of the tube might be considered 
as presenting a negative resistance to the tuned 
circuit. The power supplied by the negative 
resistance must be equal to the power consumed 
by the positive resistance. 

One of the oldest negative resistance oscil- 
lators is the dynatron oscillator. It depends on 
secondary emission from the plate for its opera- 
tion. It uses a screen grid tube. Unlike other 
oscillators it does not depend on feedback to the 
grid to sustain oscillations. 

The circuit of a dynatron oscillator using 
negative resistance is illustrated in figure 
8- 10, A. Plate current starts to flow when the 
tube warms up. At point b (fig. 8-10.B) plate 
current, ip, starts to decrease because of sec- 
ondary emission at the plate. The decrease in 
ip from b to c is accompanied by a decrease in 
the voltage drop across the plate load impedance 
(parallel 1-c tank) and an increase in plate volt- 
age e p . 

At point c (secondary emission ceases), ip 
stops decreasing and starts to increase. 'Hie 
increasing voltage across the plate load imped- 
ance is accompanied by a decreasing e p . At 
point b, ip stops rising and starts to fall. The 
voltage across the plate load impedance again 
starts to fall as e p rises and the cycle repeats. 



Chapter 8-OSCILLATORS 
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The vectors (fig. 8-10,C) indicate the phase 
relations between the a-c components of plate 
voltage ep, plate current i p , inductor L current 
iL, and capacitor C current ic. As in other 
oscillators previously described, the frequency 
of the oscillator depends on the values of L and 
C in the plate tank circuit. 

The oscillator frequency is approximately equal 
to 



f = 



2*y/ r LC 



Figure 8- 10. — Elementary dynatron oscillator 
circuit. 



Because the plate load impedance is in series 
with the triode plate and the B supply, the plate 
voltage will decrease as the voltage et (fig, 8-10), 
and current of the plate load impedance increase. 
This action causes ep and i p to be 180° out of 
phase, and also e p and et to be 180° out of phase. 

The current, iL. in the inductive branch lags 
et by almost 90° (the losses in the tank are 
associated with the coil). Current i c in the 
capacitive branch leads et by 90° (no losses 
assumed in the capacitive branch). The vector 
sum of iL and ic is the total input current flowing 
to and from the terminals of the plate load imped- 
ance. This current is the plate current (a-c 
component) ip. 

CRYSTAL-CONTROLLED OSCILLATOR 

Some crystalline substances such as Rochelle 
salt, quartz, tourmaline, and even cane sugar, 
have the property of changing their shapes when 
an emf is impressed upon the crystal. The action 
is also reversible, that is, if the crystal is 
subjected to a mechanical strain, an emf will be 
produced across the surfaces of the crystal. A 
strain in one direction produces a certain polarity 
between the surfaces; if the direction of the 
strain is reversed, the polarity of the emf will 
also be reversed. This interrelation between 
mechanical and electrical stress in crystals 
is called the PIEZOELECTRIC EFFECT. 

The magnitude of the response obtained from 
the crystal depends on the type of crystal used, 
the way it is cut, and the manner in which the 
emf is impressed. Rochelle salt is perhaps the 
most active, but it is also affected to a large 
extent by heating, aging, mechanical shock, and 
moisture. Quartz, while less active, is more 
rugged than Rochelle salt. 
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Another and more important advantage of 
the quartz crystal is its inherently higher Q. 
This results from the low damping, which in turn 
is due to the hardness of the crystal and its low 
internal friction when vibrating. Values of Q 
above 25,000 are possible; and if air damping is 
reduced sufficiently, Q's of the order of several 
hundred thousand are possible. 

Since a high Q is necessary for frequency 
stability, quartz-crystal oscillators are widely 
used. 

Quartz crystals used in oscillator circuits 
must be cut and ground to accurate dimensions. 
For example, the dimensions for a typical quartz 
crystal resonant at 1,000 kc would be approxi- 
mately 1x1x0.1125 inch. All crystals, however, 
are not in the shape of a rectangular plate such 
as this. For use at the higher frequencies, some 
of the crystal elements are disk shaped, similar 
to a coin. For precise test work, crystals may 
be cut in the form of a flat ring. 

Electrical contact with the crystal is made 
by a crystal holder consisting of two metal plates, 
between which the crystal is placed, and a spring 
device that places mechanical pressure on the 
plates. Electrical contact may also be made by 
soldering connecting wires to a metallic film 
deposited on the surface of the crystal. 

Crystals are classified according to the way 
they are cut from the original quartz crystal. 
Figure 8-11 shows the approximate form of a raw 
crystal, a cross section of the crystal, and a 
section of the crystal in which three of the pos- 
sible cuts are indicated. 

The Z, or optical, axis is not important 
electrically because no piezoelectric effect is 
produced by the application of electrical stresses 
in this direction. The X axes drawn through the 
corners of the hexagon (fig. 8-1 1,B) are called 
the ELECTRICAL AXES, and the Y axes drawn 
perpendicular to the faces of the hexagon are 
called the MECHANICAL AXES. Designation 
of the axes as electrical or mechanial, aids in 
defining the type of cut. For example, in fig- 
ure 8-1 1,C, the X-cut crystal is shown cut per- 
pendicular to one of the X axes. During one-half 
of the r-f voltage cycle impressed across the 
flat surfaces of this X-cut crystal it will expand 
along the axis perpendicular to its flat surfaces, 
and during the other half cycle it will contract. 
Likewise, the Y-cut crystal is cut perpendicular 
to one of the Y axes. The AT- cut is made at 
approximately a 35° angle with the Z axis. Each 
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Figure 8-11.— Quartz crystal. 

of the other cuts such as the BT, CT, DT, and 
GT cuts, has distinctive characteristics. 

Temperature has different effects on the 
various types of cuts. The X-cut crystal has a 
negative temperature coefficient— that is. as the 
temperature increases, the frequency decreases. 
The Y-cut crystal has a positive temperature 
coefficient— as the temperature increases, the 
frequency increases. Both of these effects are 
undesirable, and therefore these two types of 
cuts have been replaced by others. The AT-cut 
shown in figure 8-ll,C, has a temperature co- 
efficient that is very nearly zero, that is, its 
frequency changes only slightly with changes in 
temperature. The GT-cut (not shown) has the 
lowest temperature coefficient of any of the cuts. 

Where the frequency of the oscillator must 
be maintained within a few cycles of the assigned 
frequency, as in standard broadcast trans- 
mitters, the crystal is placed in a temperature- 
controlled chamber. Changes in frequency due 
to changes in temperature are thus maintained 
at a minimum value, consistent with the ability 
of the thermostats to keep the temperature 
constant. 



Chapter 8-OSCILLATORS 



When a crystal starts vibrating at its resonant 
frequency, it requires only a small force operat- 
ing at the same frequency to obtain vibrations 
of a large amplitude. When an alternating volt- 
age is applied to a crystal that has the same 
mechanical frequency as the applied voltage, it 
vibrates and only a small applied voltage is 
needed to keep it vibrating. In turn, the crystal 
generates a relatively large voltage at its re- 
sonant frequency. 

If a crystal is placed between the grid and 
cathode of an electron tube, and a small amount 
of energy is fed back from the plate circuit to 
the crystal to keep it oscillating, the circuit 
will act as an oscillator. The natural frequency 
of a crystal is critical, and if the frequency fed 
back is slightly higher or lower than this value 
the crystal will stop vibrating. Thus, the fre- 
quency of the crystal- controlled oscillator must 
be the same as that of the natural frequency of 
the crystal. 

A crystal-controlled oscillator employing a 
triode tube is shown in figure 8-12. The equiv- 
alent of crystal Y is shown in figure 8-12, A. 
In the equivalent crystal circuit, the inductance, 
L, represents the electrical equivalent of the 
crystal mass that is effective in causing me- 
chanical vibration; R is the electrical equivalent 
of internal resistance due to friction; C2 is the 
capacity effect of the metal crystal holders; 
and CI is the reciprocal of the crystal stiff- 
ness, that is, COMPLIANCE, which is the equiv- 
alent of capacitance in the electrical system. 

Feedback takes place through the grid-to- 
plate capacitance, Cgp, within the electron tube, 




(ClttWVM.C«f 0»«ctaT«« BMCUil 20.1 4? 



Figure 8- 12.— Crystal controlled triode 
oscillators. 



and the bias voltage is established across Rl. 
Capacitor C3 has a small capacitance and is 
shunted across the crystal in order to obtain a 
fine adjustment of the operating frequency by 
changing the capacitance of the equivalent elec- 
trical circuit. The output voltage appears 
across R2. 

Oscillations occur at the resonant frequency 
of the crystal, and the plate circuit is tuned to 
a slightly higher frequency by decreasing the 
capacitance of C5 so that the plate tank presents 
inductive reactance to the crystal grid circuit. 
Note the similarity to the t-p t-g oscillator in 
the equivalent oscillator circuit (fig. 8-12,C). 

In adjusting a crystal oscillator, the factor 
of stable operation must be considered. In fig- 
ure 8-12, a d-c milliameter is connected in 
series with the B+ lead to the plate tank cir- 
cuit, and C5 is changed from a low to a high 
value of capacitance (tuned to a lower frequency). 
The plate current will slowly decrease to a 
MINIMUM at the exact resonant frequency of the 
crystal oscillator, as shown at point C in figure 
8-13. At this point the output of the plate tank 
circuit is maximum (minimum direct current 
indicates maximum a-c output). Just to the right 
of point C the plate current suddenly increases 
to its maximum value, and oscillations cease. 

The crystal frequency is slightly below the 
natural resonant frequency of the plate tank, and 
the tank, therefore, looks like an inductor. The 
feedback circuit is a series connection of the 
plate tank, grid crystal, and grid-to-plate capac- 
itance of the triode. As long as the feedback is 
positive the oscillator operates at the crystal 
frequency. As the capacitance is increased be- 
yond point C, the tank suddenly looks like a 
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Figure 8-13.— Crystal-oscillator plate-current 
tuning curve. 
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capacitor instead of an inductor and the feedback 
becomes negative instead of positive. Oscilla- 
tions therefore cease, and plate current rises 
rapidly. 

In order to stabilize the operation, the capaci- 
tance is decreased (the resonant frequency is 
increased) to a value somewhere between A and 
C, for example, at B. The output is thereby 
reduced, but the operation is much more stable 
and slight changes in loading will not cause the 
oscillator to cease functioning. 

The strength with which the crystal vibrates 
at its resonant frequency depends on the voltage 
fed back to it. The feedback is controlled by ad- 
justment of the tuning of the plate tank circuit. 
If the feedback is too great, the vibrations may 
have sufficient magnitude to crack the crystal. 
The use of tetrodes and pentodes makes possible 
a reduction in feedback and thus overcomes this 
difficulty. Sufficient oscillations are still gen- 
erated because these tubes are more sensitive 
than triodes and require less grid voltage for 
satisfactory operation. The circuit connections 
for tetrode or pentode crystal-controlled oscil- 
lators are modified to provide the correct amount 
of feedback and to supply the necessary screen- 
grid voltage. 

RESISTANCE-CAPACITANCE 
OSCILLATORS 

Resistance-capacitance oscillators depend 
for their operation on the charge and discharge 
of a capacitor in series with a resistor, whereas 
inductance-capacitance oscillators depend on the 
resonant interchange of energy between a capac- 
itor and an inductor. A better understanding of 
the action of resistance-capacitance oscillators 
may be gained through a brief review of the 
growth and decay of current in an r-c series 
circuit, as treated in texts on basic electricity. 

There are various types of resistance- 
capacitance oscillators such as sawtooth genera- 
tors, multivibrators, blocking oscillators, and 
switching and counting circuits. The basic saw- 
tooth generator and several of the typical multi- 
vibrator circuits are treated in this chapter. 
Other circuits will be treated as needed in ad- 
vanced training courses. 

SAWTOOTH GENERATOR 

Voltages having sawtooth waveforms are 
widely used in television, radar, and many other 



electronic devices including test equipment. In 
each of these applications the sawtooth wave is 
used to sweep the electron beam across the 
fluorescent screen of a cathode-ray tube. 

One of the simplest devices for developing 
this type of waveform is the gas-tube relaxation 
oscillator, shown in figure 8-14. Capacitor C is 
charged through resistor R until the potential 
across C reaches a value high enough to ionize 
the gas in the tube. Until this time the tube has 
a high impedance, but at the ionization potential 
its impedance drops to a low value and C dis- 
charges rapidly through it. When the voltage 
across C falls below the deionizing potential, 
the initial high impedance across the tube is 
reestablished and the capacitor stops discharg- 
ing because the voltage across C is less than 
the value required to ionize the tube, the capaci- 
tor again charges. 

For a given supply voltage, the frequency of 
the sawtooth voltage depends upon the R-C time 
constant and is varied by adjusting R. 



R 




SAW-TOOTH 
VOLTAGE OUTPUT 



NEON SAW-TOOTH GENERATOR 
B-f VOLTAGE 



CHARGE 




FIRING POTENTIAL 



OUTPUT VOLTAGE 
WAVEFORM 



DEIONIZING POTENTIAL 



DISCHARGE 



TIME 



0 B 

WAVEFORMS 20,51 

Figure 8-14.— Neon tube saw-tooth generator. 
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A consideration of figure 8-14,B, indicates 
that the output voltage varies between the de- 
ionizing potential and the firing potential of the 
gas tube. The full B-supply voltage is not ap- 
plied across C because the firing potential is a 
much lower value and the difference appears 
across R. Likewise, C does not completely 
discharge because when the de- ionizing poten- 
tial is reached, C stops discharging. The capac- 
itor voltage follows a normal r-c charging curve 
between these two limits. The discharge follows 
a similar curve except that the discharge time 
is only a small fraction of the charge time be- 
cause the resistance of the discharge path is 
only a small fraction of the resistance of the 
charge path and the curve is much steeper. 

The output voltage curves for increased r-c 
time constant and for increased B potential are 
shown in figure 8-15. For example, in figure 
8- 15. A, increasing the resistance. R, increases 
the time necessary for C to charge to the ionizing 
potential, and the frequency is correspondingly 
decreased. Conversely, increasing the supply 
voltage (fig. 8-15.B) decreases the time neces- 
sary to charge C to the firing potential, and the 
frequency is correspondingly increased. 

The thyratron, or gas-filled triode, is gen- 
erally used to produce sawtooth waveforms and 
has certain advantages over the simple neon- 
tube sawtooth generator. For example, the 
thyratron is more stable, that is, changes in 
the applied voltage do not alter its character- 
istics so readily. The de-ionizing time also is 
reduced. 

The thyratron operates much the same as the 
neon tube except that the IONIZING potential is 
controlled by the grid. The de-ioning potential 
is affected very little by the grid bias. The 
more negative the grid with respect to the 
cathode, the higher is the ionizing potential and 
the lower the frequency. A simple thyratron 
sawtooth generator circuit and the output wave- 
forms with high and low values of grid potential 
are shown in figure 8-16. The approximate 
frequency of the sawtooth voltage is 
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where f is the frequency in cycles per second, 
R the total charging resistance in megohms, C 



SUPPLY VOLTAGE INCREASED -FREQUENCY INCREASED 

20.152 

Figure 8-15.— Curves resulting from a varia- 
tion in circuit constants. 

the total capacitance in mocrofarads, Eb the 
plate supply, E2 the de-ionization potential, and 
El the ionization potential in volts. 

In this circuit the B-supply voltage of course 
must be much larger than the ionizing potential 
of the tube. If alow potential is used, the output 
will have greater nonlinearity; in other words, 
a longer time will be required for capacitor C 
to become charged to the firing potential of the 
tube and therefore the full charge curve is used. 
On the other hand, if a high voltage is used, only 
the lower, more linear, portion of the curve is 
utilized before the ionization potential is reached. 

A gas-tube relaxation oscillator does not 
produce oscillations that are stable in frequency. 
It can be synchronized with a constant frequency, 
however, by injecting a small voltage of the 
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Figure 8-16.— Thyratron saw-tooth generator 
and output waveforms. 

desired frequency into the grid circuit. A saw- 
tooth oscillator stabilized in this manner is 
shown in figure 8-17. 
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Figure 8-17.— Synchronized thyratron saw- 
tooth generator and waveforms. 

MULTIVIBRATORS 



Circuit operation may be explained as fol- 
lows: the oscillator is adjusted until its natural 
frequency is somewhat lower than that of the 
synchronizing signal, as indicated by the dotted 
sawtooth curve (without sync signal) in figure 
8-17,B. Without the sync signal the tube fires 
at points A, C, etc., but with the signal, the 
firing potential varies according to the instanta- 
neous value of the grid potential. In other words, 
when the positive half of the sync signal is ap- 
plied to the grid, the firing potential is re- 
duced and the tube fires at points B, D, etc.; 
and, when the negative half is applied, the firing 
potential is increased. If the synchronizing volt- 
age is applied, the time for each oscillation is 
reduced from AC to BD, and the oscillator is 
locked to the frequency of the sync voltage. The 
oscillator may also be locked to a multiple or 
submultiple of the sync voltage. 

The vertical and horizontal sweep oscillators 
(not necessarily thyratrons) in television re- 
ceivers are typical circuits controlled by sync 
pulses sent out by the transmitter. 



A multivibrator is an electron-tube oscillator 
that utilizes two tubes or two sections of one 
tube to feed the output of one tube to the input 
of the other (and vice versa) by means of a 
resistance-capacitance coupling network. The 
output is essentially square wave and for a free- 
running multivibrator, the frequency is deter- 
mined by the values of R and C. The frequency 
may be easily controlled by the application of 
an externally generated signal to the circuit. 
When this type of signal is applied, the circuit 
is referred to as a driven multivibrator. 

Before the multivibrator cycle of operation 
is anaylzed, the following properties of electron- 
tube circuits are reviewed: 

1. When the grid becomes less negative 
(more positive) with repsect to the cathode, the 
plate current increases, and vice versa. 

2. An increase in current through the plate 
load resistor causes a greater IR drop across it, 
and therefore the plate voltage is reduced. 
Conversely, lower plate current results in higher 
plate voltage. 
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3. There is a 180° phase shift between the 
grid signal voltage and the a-c component of 
plate voltage. 

4. The voltage cannot build up or decay 
instantaneously across a capacitor. 

5. Current flow through a resistor is from 
the negative end to the positive end. 

6. A capacitor requires a definite time to 
charge or discharge through a resistor. The 
time necessary for a capacitor to charge to 63 
percent or to discharge to 37 percent of its 
final voltage is known as the TIME CONSTANT 
of the circuit. Its value in seconds is equal to 
the product of the resistance in ohms and the 
capacitance in farads. 

Eccles- Jordan Oscillator 

The basic multivibrator will be more easily 
understood if the action of the Eccles- Jordan 
trigger circuit is considered first. This type 
of circuit is used where an effect is desired 
that is electrically the same as opening or 
closing a switch. It is also used as a counting 
or scaling device. 

In the strict sense of the word the Eccles- 
Jordan trigger circuit (fig. 8-18) is not an oscil- 
lator. It is instead a circuit that has two condi- 
tions of equilibrium. One condition is when VI 
is conducting and V2 is cut off, and the other is 
when V2 is conducting and VI is cut off. Both 
conditions are quiescent, that is, there is no 
change in current or in any of the potentials until 
the tube is triggeredby an external signal. When 
the trigger pulse is applied, the nonconducting 
tube conducts and the conducting tube ceases to 
conduct. On the next pulse, the reverse opera- 
tion occurs. This circuit is thus aptly called a 
FLIP-FLOP CIRCUIT. 

The grids of VT and V2 are connected to 
voltage divider networks. The voltage divider 
network for VI includes R2, R4, R5, and E c . 
The network for V2 includes Rl, R3, R6, and 
Ec* The voltage drops across R5 and R6 are 
individually less than Ec and because these 
voltages subtract from Ec, the grids are always 
negative with respect to the cathodes. 

The action of the Eccles-Jordan circuit is 
as follows: 

1. Assume that the cathodes are heated and 
that B voltage is applied to both tubes. If both 
tubes and their corresponding elements were 
exactly alike, equal currents would flow through 
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Figure 8-18.— Eccles-Jordan trigger (bi- 
stable or flip flop) circuit. 

the plate circuits. It is not likely, however, 
that the two tubes and their circuit elements 
would be balanced so exactly as to permit this 
to occur. Actually one tube starts to conduct 
an instant before the other, or conducts more 
heavily than the other. Assume that VI (fig. 
8-18) conducts more current than V2. 

2. The voltage drop across Rl is greater 
than the drop across R2, and the voltage at the 
plate of VI is lower than the voltage at the plate 
of V2. 

3. The lower voltage on the plate of VI 
reduces the voltage across R6 and increases 
the negative bias on V2. The current of V2 is 
further reduced. 

4. Therefore the voltage at the plate of V2 
is increased, and in turn the drop across R5 is 



BASIC ELECTRONICS 



increased, reducing the negative bias on the grid 
of VI. Current in the plate circuit of VI is 
further increased and the plate voltage is further 
decreased. 

5. The action is cumulative, and very 
quickly a condition is reached when the plate 
current of VI reaches a maximum and the plate 
current of V2 is cut off. This is one condition 
of stable equilibrium. During this quiescent 
period the drop across R5 is larger than the 
drop across R6. 

6. Assume that a positive -going signal is 
applied simultaneously to the grids of both tubes 
at the trigger input. Since VI is already passing 
a heavy current, the positive pulse on its grid 
has little effect on the flow of current through 
the tube. Tube V2, however, is cut off and the 
positive pulse on its grid, if of sufficient ampli- 
tude, removes the negative bias momentarily. 
Current then flows in the plate circuit of V2. 

7. Plate voltage of V2 is reduced, and the 
reduced voltage across R5 makes the grid of VI 
more negative. 

8. Plate current in VI is reduced and the 
plate voltage of VI is increased. 

9. The increased voltage of VI increases 
the drop across R6, further reducing the bias 
on V2, and its plate current continues to in- 
crease, thus applying more negative bias to VI. 

10. Current in VI quickly ceases, and at the 
same time current in V2 reaches saturation. 

If negative-going pulses had been used, the 
conducting tube would have been the first one 
affected. Its plate current would have been 
decreased, with the same end result (VI cut off 
and V2 conducting). One alternation is thus 
completed for each pulse, and two pulses are 
necessary to complete a full cycle. It is possible 
however to bring about a complete cycle of opera- 
tion with a single trigger pulse by making certain 
circuit changes. 



One-Shot Multivibrator 

The one-shot, or monostable, multivibrator 
(fig. 8-19) is a modification of the previously 
described bistable trigger circuit. It is essen- 
tially a two-stage r-c coupled amplifier (fig. 
8- 19, A). In its normal or balanced state one 
tube is cut off and the other is conducting. This 
condition is established by the biasing arrange- 
ment for the tubes. When a pulse is applied, the 
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Figure 8-19.— One- shot (mono stable) multi- 
vibrator and waveforms. 

conducting tube is suddenly cut off and the other 
tube immediately conducts. After a certain time 
the tubes revert to their original condition of 
balance and the circuit is ready to respond to 
another input pulse. 

The grid of V2 is returned to its cathode and 
no current normally flows through R2, therefore 
the V2 grid bias is normally zero. With zero 
bias, V2 conducts and plate current flows through 
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cathode resistor Rk. The resulting voltage drop 
across Rk biases VI to cut off. This condition 
is normal when there is no trigger input. It 
should be noted that when V2 is not conducting 
VI cannot be cut off by the self bias developed 
across Rk. 

A positive pulse, egi fig. 8-19, B, applied to 
the VI grid via CI sufficient to raise the VI grid 
above cut off will cause VI to conduct. The 
resulting drop in VI plate voltage is applied 
through C2 as a negative going signal that will 
quickly cut off V2. The accompanying rise in 
plate voltage constitutes the leading edge of the 
output waveform. 

Capacitor C2 discharges through R2 toward 
the lowered value of plate voltage of VI. The 
drop across R2 holds V2 cut off for a certain 
length of time depending on the time constant 
R2C2 and the cutoff bias of V2. 

VI continues to conduct after the input 
trigger is removed because as previously stated 
the drop across Rk is insufficient to cut off VI. 

The circuit remains with VI conducting and 
V2 cut off while C2 discharges toward the lowered 
value of VI plate voltage until the V2 grid voltage 
rises above cutoff. 

Then V2 conducts and the drop in V2 plate 
voltage is the trailing edge of the output wave- 
form. The accompanying increase in voltage 
across Rk cuts off VI. The VI plate voltage 
immediately rises and the positive-going signal 
applied to the V2 grid via C2 causes a further 
rise in V2 plate current as V2 returns to its 
original conducting state. The action is very 
rapid so that V2 conducts at practically the 
same time that VI is cut off. The circuit is 
now in its original state of balance. 

Free -Running Multivibrator 

The basic free-running multivibrator circuit 
is shown in figure 8-20. Such a vibrator circuit 
is simply a two-stage r-c coupled amplifier 
with the output of the second state coupled 
through CI to the input of the first stage and 
the output of the first stage coupled through C2 
to the input of the second stage. 

Because the voltage that is fed back in each 
case is of the proper polarity to reinforce the 
voltage on the grid of the tube receiving the 
feedback voltage, signals are reinforced and 
oscillation takes place. 



The operation of the basic free-running 
multivibrator shown in figure 8-20, A, is de- 
scribed in the following paragraphs. 

When the cathodes are heated and the plate 
potential is applied, both tubes begin to conduct. 
Initially the plate currents are nearly equal, 
but there is always a difference between them. 
The slight initial unbalance brings about a cumu- 
lative or regenerative switching action, which 
in this example is assumed to end with ipi in- 
creased to a maximum value and ip2 reduced to 
zero. Although described as if it occurred slowly, 
this switching occurs with extreme rapidity— in a 
fraction of a microsecond in a well-designed 
multivibrator. This action is followed by a 
relatively long period in which the tubes are 
quiescent. During this interval one capacitor 
charges and the other discharges. 

Assume that initially i p i rises more rapidly 
than ip2. Plate voltage epi falls (because of the 
increased drop in R3) and C2 discharges through 
R2, making the grid of V2 negative, thus reducing 
ip2. Plate voltage e p 2 rises (because of the 
decreased drop across R4) and CI charges 
through Rl, thus applying a positive bias to the 
grid of VI. The plate current of VI rises to a 
maximum value, and V2 is cut off. 

The charge path for CI and the discharge 
path for C2 are shown in figure 8-20,B. The 
waveforms of plate current and plate and grid 
voltages are shown in figure 8-20,C. 

The negative grid voltage applied to V2 
results from the discharge of C2 through R2 and 
returns to zero as the capacitor discharge is 
completed. When the bias is reduced to the cut- 
off point, plate current i p 2 begins to flow, and a 
second switching action takes place. This 
switching action is like the first except that i p 2 is 
increasing and ipi is decreasing. Plate voltage 
e p 2 decreases (because of the increased drop 
across R4)andCl discharges through Rl, making 
the grid of VI negative, thus reducing plate 
current ipi. Plate voltage e p i rises (because 
of the decreased drop across R3) and C2 charges 
through R2, making the grid of V2 positive. Thus 
the second switching action ends with V2 carrying 
maximum current and VI cut off. 

During the cycle of operation, current is 
maintained at a relatively steady value in one 
tube during the interval that the other tube is 
cut off. The action repeats continuously with 
first one tube and then the other conducting. 
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Figure 8-20. — Basic free-running multivibrator and waveforms. 



The frequency of the oscillations depends 
on the time constants of the coupling networks, 
RlCi and R2C2. For a uniform wave form, 
Rl = R2 and Ci = C2. The approximate fre- 
quency is expressed 



f = 



1,000 1,000 



R l C f R 2 C 2 



2R 1°1 



where f is in kilocycles, Ri in ohms, and CI in 
microfarads. 

Synchronizing Multivibrators 

Because free-running multivibrators have 
poor stability they are often synchronized with 
another frequency that forces the period of the 
multivibrator oscillation to be exactly the same 
as that of the synchronizing frequency. Such a 



multivibrator is said to be driven by the syn- 
chronizing voltage. 

Sine waves or pulses are generally used for 
synchronizing purposes, although waveforms of 
almost any shape could be used. Synchronization 
by means of sine waves will be considered first. 
The synchronizing signal may be injected at the 
cathode or between the grid and cathode; 
however, only cathode injection is considered in 
this chapter. 

Figure 8-21 shows a multivibrator with the 
synchronizing sine-wave voltage, ek, applied to 
the cathode. A set of voltage curves is also 
shown in order to clarify the discussion. 

The actual grid- to- cathode voltage of VI. 
which is the voltage controlling the flow of 
plate current, is the algebraic sum of e g i and 
ek. The source of the sinusoidal synchronizing 
voltage should have a low internal impedance 
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Figure 8-21. — Multivibrator with synchronizing 
voltage applied to the cathode. 



so that the flow of i p l through this source will 
not bring about an alteration in the shape of the 
wave. 

The operation of the circuit may be explained 
thus: 

If the multivibrator is properly balanced and 
running freely, the voltage curve of egi is that 
shown between time A and time Bin figure 8-21. 
Because there is no synchronizing voltage on the 
cathode, its voltage remains constant at ground 
potential. 

At time B the synchronizing voltage is applied 
and ek begins to vary sinusoidally. Although 
egi is not affected by this variation, the grid-to- 
cathode potential now contains this sinusoidal 
voltage component, so that the effective cutoff 
voltage of the tube varies sinusoidally about its 
normal cutoff value in phase with the synchroniz- 
ing voltage on the cathode. The cathode voltage 
curve, ek, and the effective cutoff voltage curve, 
eco» are shown with the egi curve in order to 
explain the synchronizing action. 

The instant at which VI conducts occurs when 
the egi curve crosses the eco curve. At instant 
B. ek starts to rise in a positive direction and 
ipl is decreased. The positive- going voltage 
produced at the plate of VI initiates the switching 
action via C2 to the grid of V2 and from the plate 



of V2 via CI back to the grid of VI. Then e g j 
drops along line BC instead of along DE, as it 
would in the free- running stage, and VI is quickly 
cut off. CI discharges along curve CFG; but 
since the egi curve intersects the e C o curve at 
F, the switching action by which VI is made 
conducting and V2 is cut off takes place at F, 
instead of at G as it would in the free- running 
state. 

The switching action drives the grid of VI 
positive, but the resulting grid current quickly 
charges CI, and the grid returns to cathode 
potential. The grid voltage, egi, does not follow 
curve HJ, as it would in the free- running stage. 
Instead, the grid draws current because the 
synchronizing voltage causes the cathode to be 
negative with respect to ground at this time, and 
e g i follows the cathode voltage along curve HK. 
When the cathode voltage begins to rise in a 
positive direction the plate current of VI starts 
to decrease. At instant K the rise in voltage 
at the plate of VI, resulting from the decrease 
in ipl, is large enough to drive V2 into conduc- 
tion, and the tubes are rapidly switched. 

The action of the sine-wave synchronizing 
voltage forces the time of one cycle to be shorter 
and the frequency to be higher than it would be 
without the synchronizing signal. Switching in 
one direction occurs at instants F, F\ F' f , etc., 
and switching in the other direction occurs at 
instants K, K f , K ff , etc. With the exception of 
the short transistion time, the period of the 
multivibrator is equal to the period of the syn- 
chronizing voltage. Thus, the multivibrator is 
said to be synchronized. 

The synchronizing voltage can make the 
multivibrator operate above or below its natural 
frequency. However, if an attempt is made to 
pull the multivibrator to a frequency that is 
too high, it will synchronize at a frequency that 
is one-half or some other division of the syn- 
chronizing frequency, and FREQUENCY DIVI- 
SION may be obtained. 

Multivibrators may be synchronized also by 
short positive or negative trigger pulses. Figure 
8-22 shows the effect of positive pulses on the 
multivibrator grid-voltage waveform. 

A positive pulse insufficient to drive the 
grid above cutoff applied to a nonconducting tube 
at instant A does not cause switching action. 
The only effect is to reduce the negative bias 
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Figure 8-22.— Waveforms on the synchronized 
grid of a multivibrator driven by positive 
pulses. 

slightly, as shown at A\ A positive pulse ap- 
plied to a tube that is already conducting (points 
B or C) serves only to increase momentarily 
the grid voltage and thus to increase the plate 
current momentarily. It has no effect on the 
action of the multivibrator. 

With the exception of the variations in the 
eg waveform at times A' , B\ and C f the multi- 
vibrator is essentially free running. If applied 
at instant D, however, the positive trigger pulse 
is sufficient to overcome the negative voltage 
on the grid and drives the grid above cutoff. 
The cycle of the multivibrator is thereby 
shortened by an amount EF. 

For proper synchronization, the natural 
period of the free -running multivibrator must be 
greater than the time interval between pulses. 
Under these circumstances the positive trigger 
pulses cause the switching action to occur earlier 
in the cycle than it would in the free- running 
state. Thus, the tube conducts at E, G, and G\ 
whereas it would have conducted later in each 
instance had the pulses not been applied. Under 
these circumstances the frequency of the multi- 
vibrator is forced to become the same as the 
repetition frequency of the trigger pulses. 

The multivibrator may be synchronized to a 
submultiple of the trigger frequency if both fre- 
quencies are such that every second, third, 
fourth, etc., synchronizing pulse occurs at the 
right time so that it will drive the grid voltage 
of the nonconducting tube above cutoff. 

The multivibrator may be used as a sweep- 
frequency generator for cathode-ray tube appli- 
cations—as in television, where magnetic deflec- 
tion is commonly used. The horizontal and 
vertical oscillators in the receiver are triggered 
by pulses sent out from the transmitter so that 
they will be locked in step with similar oscillators 



at the transmitter. The multivibrator may be 
used as a source of square waves, as an elec- 
tronic switch for various applications, or as a 
means of obtaining frequency division. It is often 
used to introduce a time delay between the oper- 
ation of two circuits by using the leading edge of 
the square wave to trigger one circuit and the 
trailing edge to trigger another. The time delay 
can be controlled by varying the r-c time con- 
stants of the multivibrator circuit. 

In television transmitters and in radar the 
action of the multivibrators is accurately timed 
by triggering them with pulses from a master 
oscillator circuit. 

When used as an electronic switch, one 
multivibrator tube allows its associated ampli- 
fier to function normally while the second multi- 
vibrator tube holds its amplifier cut off, and 
vice versa. In radar, multivibrators are used 
principally as electronic switches to produce 
gate voltages that permit a part of a circuit to 
operate only during an accurately controlled 
time interval. 

WIEN BRIDGE OSCILLATOR 

An oscillator in which a frequency selective 
Wien-bridge circuit is used as the r-c feedback 
network is called a Wien-bridge oscillator. One 
extensively used circuit for this type of oscil- 
lator is shown in figure 8-23. In figure 8-23, A. 
the phase shifting element is shown as a bridge 
at the left. In figure 8-23. B, the circuit is re- 
drawn to indicate more clearly the feedback 
paths. 

Triode, VI, is the oscillator tube. Triode 
V2 acts as an amplifier and phase inverter. 
Thus, even without the bridge circuit the system 
oscillates because any signal that is fed to the 
VI grid is amplified and inverted by both VI and 
V2. The voltage feedback to the VI grid is in 
phase with the initial input signal so that oscil- 
lations are set up and maintained. However, 
without the bridge the system amplifies voltages 
of a wide range of frequencies. The bridge 
circuit functions to eliminate feedback voltages 
of all frequencies except the single frequency 
desired at the output. The frequency of opera- 
tion depends on the setting of variable capacitors 
CI and C2, and the values of Rl and R2. Norm- 
ally C1=C2 and R1=R2. 

The bridge allows a voltage of only one 
frequency to be effective in the circuit because 
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A negative feedback voltage is provided via 
the voltage divider R3 and the lamp LP1. 
Because there is no phase shift across this 
divider and because the resistances are in- 
dependent of frequency the amplitude of the 
negative feedback voltage is also independent 
of frequency. 

The positive feedback voltage is provided 
by way of voltage divider R1C1-R2C2. If the 
frequency is very high the reactance of the 
capacitors is almost zero. In this case R2 is 
shunted by a very low reactance, making the VI 
grid voltage almost zero. 

On the other hand, if the frequency is reduced 
toward zero, the current that can flow through 
either C2 or R2 is reduced to almost zero by 
the very high reactance of CI. Therefore the 
VI grid voltage falls to almost zero. 

At some intermediate frequency the positive 
feedback voltage is a maximum as shown by 
figure 8-23, C. The curve is rather flat in the 
vicinity of f Q but the phase shift that occurs in 
the positive feedback circuit aids in permitting 
only a single frequency to be generated. 

The voltage eiN. across R2 is in phase with 
the output voltage, eQxjT* at frequency f 0 . The 
intersection of the dashed slant and horizontal 
lines (fig. 8-23,C) indicates the in-phase condi- 
tion. Below f 0 , ejjyj leads eQjjT and above f 0 
eiN * a S s e OUT- Th e frequency of the oscillator 
is 

1 

o " 2ffV(RlCl)(R2C2) 

and when Rl = R2 = R and CI = C2 = C the fre- 
quency is 



Figure 8-23.— Wien-bridge oscillator. 

of the degeneration and phase shift provided by 
this circuit. Oscillations can take place only 
at the frequency, fo, which permits the voltage 
across R2, the input signal to VI, to be in phase 
with the output voltage of V2 and for which the 
positive feedback voltage exceeds the negative 
feedback voltage. 

Voltages of any other frequency cause a phase 
shift between the output of V2 and the input of VI 
and are attenuated by the high degeneration of 
the bridge circuit so that the positive feedback 
voltage is not adequate to maintain oscillation 
at any frequency other than fo. 



f o = 2*RC 

For example when R = 1000 ohms and C = 0.159 

f = = 1000 cycles 

0 2;rxl000x0.159xl0- 6 

At this frequency the positive feedback voltage 
on the VI grid exceeds slightly the negative 
feedback voltage at the VI cathode and ej N is in 
phase with eQ^j. 

When the oscillations are just starting to 
build up the resistance of the lamp. LP1 is 



ir 
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smaller than the value required to balance the 
bridge, and ejN is relatively large. As the 
oscillations build up, the lamp resistance in- 
creases. (The lamp filament is tungsten and its 
resistance increases with temperature.) This 
action brings the bridge nearer to a balanced 
condition and stabilizes the oscillations at f<>. 
The output waveform is sinusoidal and LP1 helps 
to prevent distortion due to overdriving VI. 

The Wien bridge oscillator has an advantage 
of frequency stability and true sine wave output 
when used as an audio signal generator over a 
considerable range of frequencies (20-20,000 
cycles). 

Calculations are first given to show the 
magnitude and phase relation between ej^ and 
e OUT f° r the conditions of f 0 = 1000 cycles, 
R = 1000 ohms and C = 0.159 /if. The calcula- 
tions are then repeated to show the lead of 
with respect to eQUT when f = 500 cps, and the 
lag of enj with respect to eQUT w ^en f = 2000 
cps, R and C remaining constant. 

For the operating frequency of f 0 = 1000 cps, 
the capacitive reactance of each capacitor in the 
bridge is 



1 



1 



2rrf 0 C 



6.28x1000x0.159x10 
= 1000^-90° ohms 



The total impedance of the bridge from terminal 
A to ground is 



Zt = R-jX c e 



R(-Xc) 
R-jX c 



= iooo-jioooer (10Q0 ^ QO) (1000^90°) 

1 [l000-jl000=1414^-45° 

= 707^-45° = 500-j50oJ 
= 1500-jl500=2100/:45 o ohms 

If the output voltage is assumed to be 2.1 volts 
/l0° the current at terminal A of this bridge will 
be 



2.1^0 



l t = ~zT 2100 -45^ = °-° 01 +45 ° amp6re 

The voltage ejN across the parallel impedance, 
Zb, of R2C2 is 

e IN = *t z b 

= (0.001 ^45°)(707^45°) = 0.707^0° volt 



Thus eiN is in phase witheQUT atf o = 1000 C P S - 
The capacitive reactance of C at a frequency of 
f = 500 cps is 



1 



2»fc 



6.28x500x0.159x10-6 
= 2000 -6-90° 



The total impedance of the bridge from terminal 
A to ground is 



z t - R-jx c ®[ R _ jXc - Z b j 

|e f (1000a0°)(2000<l-90 o ) 



1000-j2000« 



1000-j2000=2240z.-63.5 c 
= 893<-26.5° = 80O-j398j 



= 1800-j2398 

= 3000/.- 53° ohms 

Assuming the same output voltage the total 
current at terminal A of the bridge is 



U - 



Zt 



2.1^0° 
3000^-53' 



= 0.0007z.+ 53° ampere 



The input voltage, e\-^, across the parallel 
impedance Zq of R2C2 is 

e IN = 4 t z B 

= (0.0007<l+ 53)(893 ^.-26.5°) 

= 0.615^+26.5 volt 

ThuseiN is reduced and leads eouT a ^ = 500 cps. 
The capacitive reactance of C at a frequency of 
f = 2000 cps is 

1 



x c 



1 



6.28x2000x0.159x10-6 
= 500<l-90° ohms. 
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The total impedance of the bridge from terminal 
A to ground is 



Z - R iX to CX- W _ - 
Z t - R-JX C © Z B 



jX c 

= 1000-1500 J (1000^X500 ^-90°) 
1000 3500 ®Ll000-j500 1130^-26.5° 

= 443^.-63.5° = 197-j395j 

= 1197-j895 

= 1495^-36.7° 

Again assuming the same output voltage of 2.1 
volts c 0° the total current at terminal A of the 
bridge will be 



2.U0° 



1495^-36.7° 



= 0.00l4z+36.7° amp 



The input voltage, ejN, across the parallel imped- 
ance Z B of R2C2 is 

e IN * *t z B 

- (0.0014^+36.7° )(443. <l-63.5°) 

= 0.620<l-26.8 o volt 

Thus ejN is again reduced and now lags eoUT 
at f = 2000 cps. 

BLOCKING OSCILLATORS 

A blocking oscillator periodically cuts itself 
off after one or more cycles of ope ration because 
of the gradual accumulation of charge on the 
grid capacitor with the grid side negative. 
When the grid swings positive with respect to 
the cathode (positive feedback) grid current 
flows and charges the grid capacitor with the 
grid side negative. On the following portion of 
the cycle the grid capacitor discharges through 
the grid lead resistor, and if the r-c time- 
constant is relatively long in relation to the 
period of the cycle, this action will bias the 
tube to cut off at or before the completion of 



one cycle (single swing type) or after several 
cycles (self-pulsing type). When the grid capac- 
itor discharge has progressed sufficiently to 
raise the bias above cutoff the tube again con- 
ducts and the action repeats itself periodically. 
Thus the tube becomes an intermittent oscil- 
lator. 

SINGLE SWING TYPE 
A single swing blocking oscillator is shown 
in figure 8-24. The circuits (fig. 8-24,A) in- 
clude a tuned grid having a high ratio of 1 to 




Synchronizing 

i 

CIRCUIT 




V 




WAVEFORMS 20.HI 

Figure 8-24.— Single swing blocking 
oscillator. 
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c. The capacitance is the distributed capaci- 
tance of the coil and the interelectrode capac- 
itance of the triode. The coupling is high and 
there are many more turns on the secondary 
than the primary so that the grid drive is rela- 
tively large compared to that for normal oscil- 
lator operation. Grid leak resistor R g is also 
relatively large and the RgCg time-constant is 
long compared with the period of the resonant 
tank circuit. 

In the absence of bias, oscillation starts 
and quickly build up (fig. 8-24, B). The action 
is like that of a class C amplifier in which plate 
current flows during the time that plate voltage 
is decreasing and grid voltage is swinging posi- 
tive. The oscillation starts to build up rapidly 
until the voltage drop across the plate coil is 
almost equal to the B supply voltage. The large 
grid driving voltage causes Cg to quickly charge 
up to this peak voltage during the portion of the 
first quarter cycle when the grid is positive. 
At the end of the first half cycle when the a-c 
voltage across the tank coils is zero the voltage 
across Cg biases the triode well beyond cutoff. 

Because of energy losses in the coils, the 
positive peak of the next cycle of operation will 
not be sufficient to raise the grid above cutoff 
and succeeding oscillations will quickly die out 
as indicated by the damped oscillations in fig- 
ure 8-24, B. 

The period of the negative -going output pulse 
is approximately equal to half of the period of 
the resonant tank coils. 

The cutoff period varies with the RgCg time 
constant. As Cg gradually discharges through 
Rg the grid voltage is positive-going and at 
cutoff, plate current starts to flow again and the 
cycle repeats. 

A synchronizing voltage applied across Rl 
may be used to synchronize the repetition rate 
of the oscillator. The operation of the synchro- 
nizing voltage is similar to that previously de- 
scribed for the sawtooth oscillator and multi- 
vibrator. 

SELF-PULSING TYPE 

The Hartley oscillator (fig. 8-25,A) has a 
relatively large value of grid leak resistance, 
Rg and a long time constant, RgCg. The fre- 
quency of the r-f oscillations is determined by 
the 1-c constants of the resonant tank. Capac- 
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Figure 8-25.— Self pulsing Hartley oscillator. 

itor Cg (fig. 8-25, B) charges quickly via the 
relatively low resistance of the conducting grid 
during the portion of the cycle when the grid is 
positive and grid current flows. 

Capacitor Cg discharges slowly through Rg 
during the portion of each cycle when the grid 
is negative. Thus during the time the tank 
circuit oscillations are being sustained by posi- 
tive feedback from plate to grid, the grid capac- 
itor Cg gradually accumulates a charge. Tank 
circuit oscillations cease when Cg lowers the 
grid bias below cut off and feedback is insuf- 
ficient to sustain them. 

The resting period is proportional to the 
discharge time of Cg. As Cg discharges, the 
grid bias is positive- going, with the decrease 
in voltage across Cg, and when the grid goes 
above cutoff, oscillations again build up in the 
tank. 

The combined action results in periods of 
oscillation and periods of rest. Hence the 
operation is intermittent and is said to be self- 
pulsing. 
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TRANSISTOR TRIODES 

The majority of transistors in use today 
are triodes (three electrodes). They may be 
either NPN or PNP types as discussed in 
chapter 2 of this training course. 

The schematic symbol for both types is 
similar but not identical. A heavy straight 
line represents the base and two slanting lines 
to the base represent the emitter and collector 
terminals. An arrowhead is placed on the 
emitter line and points toward the base for 
PNP transistors, and away from the base for 
NPN transistors. 

CHARACTERISTICS 

Transistor characteristics are analogous to 
those of a triode electron tube. Examples of 
the current curves are illustrated with corre- 
sponding test circuits in figure 9-1. 

The PNP transistor in figure 9-1, A, has a 
grounded-base (common to the emitter input 
circuit and to the collector output circuit). 

The PNP transistor in figure 9-l.B, has a 
grounded- emitter common to the input base 
circuit and the collector output circuit. 

Collector current is measured along the X 
axis (fig. 9-1) and collector voltage is measured 
along the Y axis, in the characteristic curves. 
These curves represent the relation between 
collector current and collector voltage for 
various values of either emitter current i e , 
or base current i^. 

In the grounded-base circuit (fig. 9-1, A) 
the associated curves indicate that the collector 
current i c , and the emitter current i e , are of the 
same order of magnitude. They also indicate that 
the collector current is practically independent 
of collector voltage over most of the range of the 
curves. Most important is the fact that i c 
increases directly with i e for a given collector 
voltage. 



In the grounded- emitter circuit (fig. 9-l,B) 
the associated curves indicate that i c is read 
on the milliamperes scale, while i^ is read on 
the microampere scale. Here too, the curves 
show that collector current is almost independent 
of collector voltage and primarily dependent 
upon ib. 

Current Gain 

The current gain of a transistor is analogous 
to the amplification factor of a triode electron 
tube. The transistor, however, has either of 
two current gains depending upon the circuit 
connection. 

Transistor current gain (fig. 9-1, A) is the 
ratio of the change in collector current to the 
corresponding change in emitter current for a 
constant collector voltage. In this circuit 
(grounded-base) current gain is designated 
a ce . As mentioned in chapter 2 of this training 
course, the current gain for point contact 
transistors in the grounded-base circuit is 
approximately 2 or 3. In the PNP junction 
transistor grounded-base circuit of figure 9- 1, A, 
the current gain is approximately 1. 

Battery E e . and potentiometer Rfc, bias the 
input circuit in the forward (low resistance) 
direction. Battery E c , and potentiometer R c , 
bias the collector in the backward (high resist- 
ance) direction. 

Moving the arm of Rb toward the positive 
terminal of Ee increases the forward bias 
current i e , and this action will increase the 
collector current i c . Moving the arm of R c 
toward the negative terminal of E c will increase 
the voltage across the collector-base circuit 
but this action will have little effect on collector 
current. 

Transistor current gain (fig. 9-l.B) is the 
ratio of the change in collector current to the 
corresponding change in base current for a 
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GROUNDED EMITTER 




constant collector voltage. In this circuit 
(grounded-emitter) transistor current gain is 
designated as 3 (pronounced beta). 

With collector voltage adjusted to -10 volts 
and ib = 25 a (microamperes) collector current 
i c ■- 1 ma or 1000 jx a. Increasing i b to 125 ^a 
(with V c constant) increases the collector cur- 
rent to approximately 5 ma or 5000 y a. Thus, 
an increase in input base current of 125-25 
= 100 jx a causes an increase in collector current 
of 5000-1000 -4000 ixa. The current gain is 

„ Ai c 4000 Ag% 
&= AiT "100 =4 ° 

Voltage and Power Gain 

The voltage gain of a (grounded- base) tran- 
sistor is the product of the current gain a ce . 



and the ratio of collector resistance r c , to 
emitter resistance r e . Expressed as a formula 

Ai r r 




For example, a grounded-base point contact 

transistor having a current gain of t ? ia = 2 

1.5 ma 

and a collector resistance of 15,000 ohms, 
and an emitter resistance of 300 ohms has a 
voltage gain of 

The voltage gain of a (grounded-emitter) 
transistor is similar to that previously de- 
scribed except that current gain /3 is used in 
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the formula instead of a ce . For example, if 
the current gain of a grounded-emitter transistor 
is 



4000 
"100 



= 40 



(fig. 9-l,B), and the collector resistance and 
emitter resistance are approximately 1000 ohms 
each, the voltage gain will be 



V.G.= 



4000x1000 
100x1000 



40 



The power gain of a transistor is the ratio 
of the change in output power to the correspond- 
ing change in input power. For a grounded- 
base transistor the power gain is 

(Ai c ) 2 r c 



(Ai e )2 



re 



The power gain of the grounded-emitter tran- 
sistor in the preceding example is 



(4000) 2 xl000 
(100) 2 xl000 



1600 



TRANSISTOR AMPLIFIERS 

Transistor triodes, like electron tube triodes, 
-;re amplifiers. The current, voltage, and 
power gain depend on the a or 0 values and the 
ratio of the output to input resistance. Although 
electron tube circuits are similar, they have 
widely differing characteristics. It is not pos- 
sible to substitute a transistor for an electron 
tube without changing bias and plate supply 
voltages. For example, the transistor in some 
circuits is a current amplifier, and has a low 
input resistance; the corresponding electron 
tube amplifier has a high input impedance. 
The three elements in a triode electron tube 
and the corresponding elements in a PNP 
junction transistor are illustrated in figure 9-2. 

The transistor has a collector terminal that 
is analogous to the triode plate, a base terminal 
that corresponds to the triode grid, and an 
emitter terminal that corresponds to the triode 
cathode. 



BASIC CIRCUITS 

The transistor amplifier may be connected 
in any one of three basic circuits. These 
circuits are the (1) grounded-emitter, (2) 
grounded-base, and (3) grounded- collector. 
These three arrangements correspond respec- 
tively to three electron-tube basic circuits: 
(1) grounded cathode, (2) grounded- grid, and 
(3) grounded-plate amplifier. The significance 
of the expression "grounded" is that the element 
said to be grounded is, in reality, common to 
the input and output circuits, and does not 
necessarily have to be grounded to provide 
satisfactory operation. 

Grounded. Emitter 

The widely used grounded- cathode electron- 
tube amplifier and the corresponding grounded- 
emitter transistor amplifier are illustrated in 
figure 9-3. The transistor bias polarities are 
established for a PNP junction transistor in 
figure 9-3,B, and for an NPN junction tran- 
sistor in figure 9-3, C. 

The input signal to the triode (fig. 9- 3, A) is 
developed across the grid resistor in series 
with the bias voltage between the grid and 
cathode. The output signal of the triode is 
developed between the plate and ground. The 
average grid voltage depends upon the magnitude 
of the grid bias supply voltage, and the average 
plate voltage depends upon the magnitude of 
the plate supply voltage. 

The input signal to the transistor (fig. 9-3, B) 
is developed between the base and emitter in 
series with the bias voltage in this circuit. 
The bias polarity is in the forward, or low- 
resistance, direction of the base-emitter junc- 
tion. The output signal of the transistor is 
developed between the collector terminal and 
ground. The average base voltage, as measured 
with respect to the emitter, depends upon the 
magnitude of the bias voltage in the base- 
emitter circuit. The magnitude of the bias 
current determines the mode (class) of operation 
of the transistor. The average collector voltage 
depends upon the magnitude of the collector 
voltage supply. In many instances, the magnitude 
of the collector voltage has only a small effect 
in determining the collector current. The 
collector current is primarily a function of 
the bias current in the input circuit. 
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Figure 9-2.— Corresponding elements in triode and transistor. 



When a signal is applied to the input circuit 
of the transistor, the bias current varies about 
an average, or no- signal, value. This action 
causes the collector circuit current to vary 
through a much greater amplitude through the 
load impedance, which is connected in series 
with the collector voltage supply and the collector 
terminal of the transistor. 

A phase shift of 180 degrees occurs between 
the input and output signals. Thus, a positive- 
going input signal (fig. 9-3,B) opposes the base- 
emitter bias and decreases the base-emitter 
current. This action decreases the collector 
current and voltage drop across the load imped- 
ance, resulting in an increase in collector-to- 
ground output voltage. Because the collector is 
negative with respect to ground, a positive- 
going input signal will result in a negative- 
going output signal. 

A positive-going input signal (fig. 9-3, C) will 
cause an increase in base-emitter current with 
a corresponding increase in collector current 
and voltage drop across the load impedance. 
Because this drop subtracts from the collector 
voltage, the output signal is less positive and is 



therefore equivalent to a negative-going output 
signal. The latter action is similar to that oc- 
curring in the plate circuit of the triode (fig. 
9-3, A) with a positive-going signal on the grid. 
The increase in plate current causes an in- 
creased voltage drop in the plate load impedance 
with a resulting decrease in the plate- to- ground 
voltage. A decrease in the positive plate voltage 
is equivalent to a negative-going output signal. 

The grounded-emitter transistor has a 
medium input impedance. For junction tran- 
sistors, this value may be of the order of 1 
k-ohm and for point contact transistors, the 
value may be of the order of 35 k-ohms. 

The output (load impedance) of the grounded- 
emitter transistor may be of the same order 
of magnitude as the input impedance or slightly 
higher. 



Grounded- Base 

The grounded-base transistor amplifier is 
analogous to the grounded-grid electron-tube 
amplifier. These circuits are illustrated in 
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Figure 9-3.— Corresponding electron tube and transistor amplifiers. 
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simplified form in figure 9-4. The grounded- 
grid in the triode (fig. 9-4, A) is common to 
both the input and the output circuits. The 
grounded-base in the PNP junction transistor 
(fig. 9-4, B) is common to both input and output 
circuits. 

The input signal to the triode is applied 
between the cathode and ground and varies the 
voltage across the cathode resistor in series 
with the bias voltage source in the grid cathode 
circuit. The output signal is developed between 
plate and ground as a result of the variations 
in plate current through the plate load impedance. 
Effectively, the input signal is developed between 
the cathode and the grid and the output signal is 
developed between the plate and the grid. 



Hence, the grounded-grid forms the common 
element between the input and output circuits. 
Plate current flows through the cathode resistor 
across which the input signal is developed. 
The action is degenerative and lowers the gain 
of the amplifier compared to that of agrounded- 
cathode amplifier. 

The input signal to the transistor amplifier 
is applied between the emitter contact, E, and 
ground and appears across the resistor in series 
with the emitter base bias voltage. The average 
value of the emitter-to-base voltage depends 
upon the magnitude of the bias voltage in the 
input circuit. The output signal voltage is 
developed between the collector and grounded 
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f igure 9-4.— Grounded- grid triode and corresponding grounded-base transistor amplifiers. 



base. The average value of the collector-to- 
ground voltage depends upon the magnitude of 
the collector supply voltage. The base of 
the transistor is common to both input and 
output circuits and should not necessarily be 
grounded, provided the continuity of the common 
connection is maintained. 

The input circuit bias polarity is in the 
forward, or low- resistance, direction of the 
emitter-base junction. As in the case of the 
grounded-emitter transistor, the magnitude of 
the bias current determines the mode of operation 
of the transistor amplifier, and the collector 
current is primarily a function of the bias 
current in the input circuit. 

In contrast with the grounded- emitter ampli- 
fier, NO PHASE SHIFT OCCURS in the grounded- 
base amplifier between the input and the output 



signals. For example, a positive-going input 
signal (fig. 9-4, B) will aid the emitter-base-bias 
and increase the magnitude of the emitter 
current accordingly. This action will increase 
both the collector current and the voltage drop 
across the collector load impedance with a 
consequent decrease in collector-to-ground 
voltage. The collector is negative with respect 
to ground, hence the decrease in negative voltage 
to ground is equivalent to a positive-going 
output signal. 

In the NPN transistor amplifier of figure 
9-4, C, a positive-going input signal will oppose 
the input bias and reduce the emitter current 
accordingly. This action will reduce both the 
collector current and the voltage drop across 
the collector load impedance with a resulting 
increase in collector voltage. Because the 



9fU 
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collector is positive with respect to ground, 
the increase in positive voltage is equivalent 
to a positive-going signal. Thus a positive- 
going input signal will cause a positive-going 
output signal in both PNP and NPN g rounded- 
base amplifiers. 

The input impedance of a grounded-base 
transistor amplifier is of the order of 100 
ohms or less. The output impedance is relatively 
high— that is, approximately 500 k-ohms for the 
junction transistor and 10 k-ohms for the 
point-contact transistor. 

Grounded-Collector 

The grounded- collector transistor amplifier 
corresponds to the grounded-plate electron- 
tube amplifier, or cathode follower. These 
circuits are illustrated in simplified form in 
figure 9-5. In the cathode follower the plate 
is at ground potential with respect to the signal 
component, and in the corresponding transistor 
circuits the collector is at ground potential 
with respects to the associated signal component. 



In the cathode follower the input signal is applied 
between the grid and the grounded side of the 
plate circuit, and the output signal is developed 
between the cathode and grounded side of the 
plate circuit. Thus the plate is common to the 
input and the output circuits. 

In the grounded- collector transistor ampli- 
fier, the input signal is applied between the base 
and the grounded side of the collector circuit. 
The output signal is developed between the 
emitter and the grounded side of the collector 
circuit. Thus the collector is common to the 
input and the output circuits. 

Bias current is supplied by the single- cell 
source in series with the base-emitter circuit, 
and collector voltage is obtained from a battery 
consisting of several cells in series between 
the collector and ground. The base-emitter 
circuits are biased in the forward, or low- 
resistance, direction, and the collector-base 
circuits are biased in the reverse, or high- 
resistance, direction. Thus the input impedance 
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Figure 9-5.— Electron tube cathode follower and corresponding grounded collector transistor 

amplifiers. 
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Figure 9-6.— Transistor class A audio amplifier. 
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of the grounded- collector transistor is relatively 
high, because the input circuit includes the 
collector-base circuit with the bias in the 
high-resistance direction. The output imped- 
ance is relatively low because the output circuit 
includes the base-emitter circuit with its bias 
in the forward, or low- resistance, direction. 

The input impedance of the electron-tube 
cathode follower is high and the output impedance 
is low, hence the cathode follower may be used 
as an impedance changer or stepdown trans- 
former. The output signal, eo, is in the series 
circuit between the cathode and grid and opposes 
the input signal, ei n , in the same circuit. Hence, 
the net voltage acting between the grid and 
cathode is ein-eo, and e 0 must always be less 
than ei n if the grid- to- cathode voltage is to be 
a finite value. Thus the voltage gain of the 
cathode follower is always less than 1. 

Similarly, the output signal in the grounded- 
collector transistor opposes the input signal, 
and the net signal voltage acting between the 
base and emitter is ei n -eo. For example, if 
the input signal causes the voltage occurring 
between the base and ground to swing 10 mv 
in a positive direction and the output voltage 
between emitter and ground to swing 4 mv in 
the same direction, the net voltage between 
base and emitter will be 10-4 or 6 mv. The 
output voltage, e 0 , must always be less than 
ein if the base-to-emitter voltage is to be a 
finite value. Thus the voltage gain of the 
grounded- collector transistor, like that of the 
cathode follower, is always less than 1. 

The grounded- collector transistorprovides a 
relatively large current amplification and also 
power amplification, depending upon the mag- 
nitude of the output impedance. 

The input impedance of the grounded- 
collector transistor amplifier is a function of 
the load impedance. This action is in contrast 
to that in the electron-tube amplifier in which 
the input and output circuits are isolated and 
practically independent of each other. For 
example, the input impedance of a grounded- 
collector junction transistor amplifier may be 
of the order of 150 k-ohms when the load 
impedance is 10 k-ohms, but the input impedance 
may drop to 50 k-ohms or less when the load 
impedance is reduced to 1000 ohms. 

Class A grounded-emitter transistor audio 
amplifiers are operated so that collector current 
flows during the entire input current cycle. 



If the correct operating point (load impedance) 
and input current are chosen, the output wave- 
form will be essentially the same as the input 
in all respects, except for the amplitude. 

CIRCUIT ANALYSIS 

A simple method of determining the output 
voltage and current components of a transistor 
audio amplifier is by the use of the load line 
as illustrated in figure 9-6. 

Load Line 

The load line, XY, is a graph of the equation, 

e c = Eb-*cRL 

where e c is the instantaneous collector-to- 
emitter potential, Eb is the collector supply 
voltage and i c RL is the voltage drop across 
the load resistor, Rl. 

Point Y is established as e c = Eb* This 
condition exists when the collector current is 
zero, and the full value of the collector supply 
voltage appears between the collector and emitter 
because there is no voltage drop across Rl- 
In this example, the load line intersects the 
Y axis at Y = 15 v. Thus, Eb = 15 v. 

Point X is established as i r = -=-—. This 

c Rl 

condition exists when the oase current is 
increased to the point where the effective 
internal resistance of the collector-emitter 
circuit is reduced to zero. For this condition 
the collector current would become a maximum 
value and the collector supply voltage would 
appear across the load resistance. In this 
example, the load line intersects the X axis 
at 

i c = ^ = iMs = 0008 amperes 

or 8 ma. 

Load Resistance 

The load resistance, Rl, is equal to the 
slope of the load line and may be determined 
as 

eb-Ec 
'c 
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where Ec is the collector- to- emitter voltage 
at the operating point B, and is the collector 
current at this point. 

In this example 
Bias 

With the operating point at B (no- signal 
condition) the base- emitter bias voltage nec- 
essary to cause a base current of 100 fi a may 
be obtained from the collector supply voltage 
by connecting a resistor of the proper magnitude 
between the base and the positive terminal of 
Eb- The magnitude of this bias resistor will 
be 

R B =1^- 100x10-6 = 15 °' 000 ° hmS 

This value includes the emitter-to-base re- 
sistance, which is only a few hundred ohms and 
can be neglected in the calculation. Resistor 
Rq limits the base-emitter current in the 
forward direction to approximately 100 n a. 
However, the bias is not developed across 
Rb, but is developed across the junction as 
a result of the flow of no- signal current through 
the transistor between the emitter and the base. 
This action makes the emitter negative with 
respect to the base. This polarity indicates the 
forward direction for the base-emitter circuit 
of the NPN junction transistor, and is not to be 
confused with the polarity of the voltage drop 
across R B , which is opposite to the proper 
bias polarity. Certain instabilities common to 
this bias method are described later. 

The d-c operating point, B, indicates that 
the collector current will be 4 ma when the 
collector-to-emitter potential is 7.5 v, and the 
base current is 100 j*a. The voltage drop 
across Rl for this condition is i c RL« or 
0.004x1875=7.5 v, and the collector potential is 
EB-icRL, or 15-7.5= 7.5 v. The no signal base 
current for this condition is 

i B = 0.150x10* = 100x10 " 6 ^Peres 
or 100 M a. 



If the signal voltage applied across the 
input terminals has a peak magnitude slightly 
less than that of the voltage drop across the 
emitter- to-base circuit (E to B) and the polarity 
is opposite to that of the forward, or low- 
resistance, direction of electron flow, the base 
current will be reduced. In this example the 
input signal current is assumed to be of sine 
waveform and of a magnitude to vary the base 
current from 100 /ia (no-signal value) to zero, 
to 100// a for the first half cycle. For the 
second half cycle the base current is varied 
from 100 m to 200 n a and back to 100 n a. 

When the base current is reduced to almost 
zero, the collector current will be reduced to 
almost zero, and the collector voltage will 
increase to approximately 15 v. When the base 
current is increased to 200 /i a, the collector 
current will increase to approximately 8 ma. 
and the collector voltage will be reduced to 
almost zero. Thus, the output voltage will 
vary sinusoidally about a no- signal value of 
7.5 v and will have a peak-to-peak value of 
approximately 15 v. 

Temperature Effects 

The characteristics of transistors will change 
with temperature variations. Figure 9- 7, A 
represents the constant base current curves 
of collector volts versus collector current for 
normal temperature operation. Figure 9-7,B, 
represents the curves for the same transistor 
with above normal temperature operation. The 
effects of increased temperature moves the 
curves to the right along the X axis, and may 
increase the spacing between them. This action 
shifts the operating point, B, on the load line 
toward point X, making the collector voltage too 
low. The normal collector voltage for class A 
operation, point B (fig. 9- 7, A) is 7.5 v. The 
increase in temperature moves point B to a 
point indicated in figure 9-7,B, that corresponds 
to a collector voltage of 5.5 v. 

Conversely, the effect of a decrease in 
temperature moves the curves to the left along 
the X axis and reduces the spacing between 
them (fig. 9-7.C). This action shifts the 
operating point along the load line toward point 
Y, making the collector voltage too high. The 
operating point now corresponds to a collector 
voltage of 9.5 v. 
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Figure 9-7.— Effect of temperature variations on NPN transistor characteristics. 
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B INCREASED TEMPERATURE 



Figure 9-7. — Effect of temperature variations on NPN transistor characteristics— Continued. 
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Figure 9-7. — Effect of temperature variations on NPN transistor characteristics— Continued. 
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The apparent shift of the operating point 
will not only cause distortion of the output 
signal, but in the case of increased temperature 
the increased collector current may cause the 
transistor to burn out. The condition may be 
partially remedied by connecting the bias 
resistor directly between the collector and 
base as illustrated in figure 9-8. In this 
circuit, Rb provides self bias for the transistor 
base-emitter circuit. As seen by tracing the 
circuit, Rb is in series with the base- emitter 
circuit. In the previous example the no- signal 
operating point corresponds to a collector 
voltage of 7.5 v and a base emitter current 
of 100 \x a. For this condition, 

R B = 1^ = 100x10-6 = 75 ' 000 ° hmS 

As in the fixed bias arrangement the polarity 
of the voltage drop across the base-emitter 
junction makes the emitter negative with respect 
to the base. This polarity corresponds to the 
forward direction for the base-emitter NPN 
junction transistor. 

With this type of self bias, a change in 
temperature will affect the magnitude of the 
bias current. For example, if an increase in 
temperature occurs, the tendency for the 
collector current to increase will be accompanied 
by a decrease in collector voltage across Rb 
with a corresponding decrease in base bias 
current through Rb- This action will tend to 
shift the operating point along the load line 
upward to the left of point B (fig. 9-7,B) and 
thus to reduce the amount of distortion caused 
by the temperature increase. 

Conversely, a decrease in temperature will 
be accompanied by a tendency for the collector 
current to decrease and the collector voltage 
across Rb to increase. The increase in voltage 
across Rb will increase the base bias current 
through Rb and shift the operating point along 
the load line downward and to the right of 
point B (fig. 9-7,C). This action will again 
reduce distortion. 

Thus, self bias provides an action that tends 
to partially compensate for temperature changes. 
In addition, self bias provides negative feedback 
similar to that provided by an unbypassed 
cathode resistor in an electron-tube amplifier. 



This action reduces the effective gain of the 
transistor amplifier. 

In the transistor amplifier illustrated in 
figure 9-9, resistor Rb provides fixed bias 
for class A operation, and resistor Re pro- 
vides circuit stabilization to pre vent temperature 
changes from altering the transistor charac- 
teristics. Resistor Re also provides damage 
to the transistor by limiting the magnitude of 
the collector current to the maximum safe 
value for the highest temperature to be en- 
countered during operation. 

If the temperature increases, the increase 
in collector current through Rg will lower the 
base-emitter voltage. This action will tend to 
prevent further increase in collector current 
and therefore will prevent the shift of the 
characteristic curves to the right along the 
X axis (fig. 9-7, B). Conversely, a decrease 
in temperature will lower the collector current 
through Rg and the voltage drop across R£. 
This action will increase the base-emitter 
voltage and will tend to prevent further reduction 
in collector current so that there will be less 
shift of the characteristic curves to the left 
along the X axis (fig. 9-7,C). 

The value of R E is equal to the value of 
RL for maximum protection. In this case 
the efficiency is reduced from 50 percent in 
figure 9-8 for maximum power output to 25 
percent in figure 9-9. As transistors become 
more uniform with improved methods of manu- 
facture, the allowable tolerances will be reduced. 
It is believed that most transistor audio power 
amplifier circuits will be satisfactorily stabi- 
lized if the value of Re is not more than 10 
percent of the load resistance for maximum 
power output. In the preceding example of 
figure 9-8 according to this relation, R E 
= 0.1x1875, or approximately 188 ohms, and 
the power dissipated in Rg will be 10 percent 
of the power out of the stage. 

If resistor Rj is added to the circuit of 
figure 9-9, another return path for battery 
curreut will be provided. This path is around 
R E . The effect of Ri is to provide a relatively 
fixed base bias voltage that is independent of 
current change due to temperature effects. 
The total current in Rb is the sum of the 
current through Ri and the base current Ig. 

Increases in temperature tend to increase 
IB and Ic and in the absence of Ri might damage 
the transistor. 



919 



Chapter 9-TRANSISTOR CIRCUITS 



R B »75 K OHMS 



-if 



4 mo 



INPUT 




OUTPUT 



R = #c_ - 7.S V - 75 OOO OHMS 
0 B 100/m 



20.167 



Figure 9-8. — Transistor self bias. 



With Rj in the circuit, temperature induced 
changes produce less voltage change across 
R B due to the voltage divider action. At the 
same time the average d-c voltage across 
Rj7 will oppose the voltage across R\ (like 
negative feedback) to compensate for the 
temperature effect. For example, an increase 
in temperature will cause an increase in collector 
current and voltage drop across Rg. The 
voltage across Ri is equal to the sum of the 
voltage across Re and the voltage across the 
base-emitter junction. The voltage across Re 
increases directly with collector current. How- 
ever, as mentioned before, the voltage across 
Rj is approximately constant because of the 
voltage divider action. Thus an increase in 
voltage across Re is accompanied by a decrease 
in forward bias voltage and current and the 
rise in Iq is limited. On the other hand more 
power will be wasted at the input, but there will 
be less change in input impedance and less 
change in input circuit loading. 

Capacitors 

In order to prevent degeneration from occur- 
ring across the stabilizing resistor. Re (fig. 
9-9), in the emitter circuit, a bypass capacitor, 
Ce. Is connected in parallel with R^. The 
action is similar to that occurring in the cathode 
bypass capacitor in parallel with the cathode 
resistor of a cathode biased electron- tube 



amplifier. In order to bypass the a-c component 
around the resistor without developing a voltage 
at the signal frequency across the resistor, the 
Xq ohms of the bypass capacitor should be low 
with respect to the resistance of the resistor. 
For most audio transistor amplifiers the bypass 
capacitor does not need to be larger than about 
50 /xf. 

The coupling capacitor, Cq, must be large 
enough to pass the lowest frequency signal 
without appreciable phase shift or reduction 
in magnitude of the signal. The lowest fre- 
quency to be passed is the frequency at which 
there is a reduction in amplitude- of 3 db. At 
this frequency the ohms of the coupling 
capacitor are equal approximately to the input 
resistance of the transistor amplifier stage. 
In figure 9-9, the input resistance is approx- 
imately 1000 ohms and consists essentially 
of the resistance between the transistor base 
and emitter in the forward, or low- resistance, 
direction. If the lowest frequency to be passed 
is 100 cycles per second, the Xq ohms of Cq 
will equal the input resistance, or 1000 ohms. 
The capacitance of the coupling capacitor is 
found as follows: 

lp6 

C c = 6.28xfxX c 
106 



6.28x100x1000 



= 1.59 lit 
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Figure 9-9.— Transistor amplifier with fixed bias and dircuit stabilization. 



A 2/if capacitor would extend the low fre- 
quency limit to about 80 cycles per second. 

Voltage and Current Distribution 

The action of a transistor amplifier will now 
be given with respect to the distribution of 
the voltages and currents through the input and 
output circuits before and after a signal is 
applied. 

Figure 9-10,B, illustrates a transformer 
coupled PNP junction transistor audio amplifier 
stage employing the grounded- emitter as the 
common element between input and output cir- 
cuits and a single battery for collector supply 
voltage and a base-emitter bias. The sine 
waveforms of signal current and voltage are 
illustrated in figure 9- 10, A. 

The input signal has an amplitude of 0.1 v. 
acts in series with the base-emitter bias of 
0.1 v, and swings the base-emitter through a 
range of 0 to 0.2 v. This action swings the 
base-emitter current through a range of 0 
to 200 n a, the collector current through a range 
of 0 to 8 ma, and the collector output voltage 
through a range of 15 to 0 v. 

The circuit analysis is made for three 
different instants of time occurring within one 
complete cycle of applied signal. These instants 
are when (1) t = 0°, (2) t = 90°, and (3) t = 270°. 



At the instant when t = 0° , the input signal 
voltage is zero, and the 7.5-v battery supplies 
the no- signal base-emitter bias current of 100 
pa and the no signal collector current of 4 ma. 
The distribution of voltage and currents is 
illustrated in figure 9-10,B. Only the input 
circuits are analyzed in detail. Kirchhoffs 
law of voltages is applied to three closed 
circuits, all on the input side of the transistor. 
The algebraic sum of the instantaneous voltages 
around these circuits is equated to zero. If the 
algebraic sum of the numerical values is zero, 
the voltages are assumed to be correct. 

The first circuit to be traced starts at point 
A and includes the 7.5-v battery, the bias 
resistor, R3, the base, B, of the transistor, 
the emitter, E, and returns to the battery at 
the starting point, A. The circuit trace (red) 
is designated as ADMNBEGA. The designation 
for the algebraic sum of the voltages, 

X (sum) volts = 0, identifies the individual 
circuit by means of the subscripts following the 
symbol,!. These letters appear on the ampli- 
fier circuit (fig. 9-10,B,C, and D). Thus the 
equation that applies to 

E VOLTS 0 
ADMNBEGA 

is derived by tracing the red circuit ADMNBEGA 
and equating the algebraic sum of the voltages 
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Figure 9-10.— Circuit analysis for a junction transistor amplifier having a common battery 

for input and output circuits. 
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Figure 9-10. — Circuit analysis for a junction transistor amplifier having a common battery 

for input and output circuits— Continued. 
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equal to zero in this circuit. The voltage 
equation for this circuit is 



E Bat " E RB " e BE = 0 
7.5 - 7.4 - 0.1 = 0 



(1) 



The base-emitter no-signal bias current is 
limited principally by resistor Rb because 
most of the battery voltage appears across Rb. 
The voltage drop across the base-emitter 
terminals of 0.1 v in the forward direction with 
a base-emitter current of 100 m a or 0.1 ma 
indicates a base-emitter resistance of 0,1 v or 

O.lma' 

1 k-ohm. 

Capacitor C blocks the d-c component of 
voltage and current across the base-emitter 
junction from the secondary of the input trans- 
former and charges up to the peak voltage 
drop across the junction. Capacitor C is 
relatively large (2 mf), and the voltage across 
C is assumed to remain at 0. 1 v through the 
entire cycle of applied signal voltage. 

The second voltage equation for the instant 
when t = 0° is derived by tracing around the 
blue circuit HAGEBNH and equating the alge- 
braic sum of the instantaneous voltages to 
zero. Thus the equation that applies to 



VOLTS 
HAGEBNH 



e s + e BE 



= 0 is 



E c = 0 



(2) 



0.1 - 0.1= 0 



As mentioned previously, C will block the d-c 
component of base-emitter current and d-c 
voltage from the secondary of the input trans- 
former. 

The third voltage equation for the instant 
when t =0° is derived by tracing around the 
brown circuit HADMNH and equating the alge- 
braic sum of the instantaneous voltages to 
zero. Thus the equation that applies to 



VOLTS 
HADMNH 



0 is 



e s * Eb + Erb - E c = 0 
0 + 7.5 - 7.4 - 0.1= 0 



(3) 



The no- signal condition upon which the 
preceding three equations depend may be 
regarded as the operating point, B (fig. 9-6, A) 
on the load line. XY. The load impedance 



(noninductive) is assumed to be the slope of 
the load line, or 1875 ohms. The principal 
difference between the example of figure 9-10 
and that of figure 9-6 is that the load resistor 
of figure 9-6 has been replaced by a transformer 
having negligible d-c resistance in its windings 
so that the collector voltage supply may be 
reduced from 15 v to 7.5 v, without changing 
the slope of the load line. Thus, the no- 
signal collector current of 4 ma that flows 
through the primary of the output transformer 
produces a negligible d-c voltage drop across 
the primary, and the collector voltage for this 
condition is 7.5 v. 

During the interval between 0° and 90° the 
input signal voltage increases from 0 to a 
positive maximum value of 0.1 v, and the 
input signal current increases from 0 to 101.5 
fxa as represented by curve (1) of figure 9- 10, A. 
During this interval, the base-emitter current 
decreases from 100 p a to 0 curve (2), and the 
collector current decreases from 4 ma to 0 
curve (3). At the same time, the induced 
voltage acting in the primary of the output 
transformer causes the collector voltage to 
increase from -7.5 v to -15 v, curve (4). 

At the instant t= 90° (fig. 9-10,C)the input 
signal voltage is a positive maximum value 
of 0.1 v. The polarity of the signal voltage 
indicates that this voltage acts across the 
base-emitter junction in the backward, or high- 
resistance, direction, hence no base current 
will flow. Instead, signal current will flow 
through the secondary of the input transformer 
(brown circuit) in series with the battery, the 
bias resistor. Rb, and the capacitor, C. The 
signal voltage acts in series additive ly with 
the battery voltage, thereby increasing the 
voltage drop across Rb from 7.4 v to 7.5 v. 
During ti\p interval from 0 C to 90° the base 
current decreases from 100 a to 0 as the 
signal current increases from 0 to 101.5 a. 
This action indicates that an approximately 
constant current flows through Rb into junction 
N. As the current flow into the base, B, 
decreases, the current flow into the capacitor 
circuit, NH, increases. It is assumed that the 
capacitor is sufficiently large so that the flow 
of signal current through the circuit from N 
to H will not increase the voltage drop across the 
capacitor to any appreciable extent. Now apply 
Kirchhoff's law again. 
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The voltage equation for the instant when 
t = 90° that corresponds to the red circuit 
designation 



VOLTS 



= 0 is 



ADMNBEGA 
E Bat - ERB - e BE = 0 
7.5 - 7.5 - 0=0 



(4) 



The slight increase in voltage across the 74 
k-ohm resistor, R B , from 7.4 v to 7.5 v 
produces a negligible increase in current (1.5*ia) 
through Rb and a decrease in voltage across 
the base-emitter junction from -01 v to 0, 
curve (2) (fig. 9-10,A). 

The voltage equation for the instant when 
t = 90 ° that corresponds to the blue circuit 
designation 



VOLTS 



= 0 is 



C-*i HAGEBNH 
e s + e BE - E C = 0 
0.1 + 0 - 0.1= 0 



(5) 



The voltage equation for the instant when 
t = 90° that corresponds to the brown circuit 
designation 



VOLTS 



= 0 is 



^— ' HADMNH 

*s + E Bat + E RB ' E c = 0 ( 6 ) 
0.1 + 7.5 - 7.5 - 0.1 - 0 

The peak positive input signal current flows 
in a counterclockwise direction around this 
circuit. 

During the interval from 90° to 180° the 
input signal voltage decreases from positive 
maximum to 0, curve (1) (fig. 9- 10, A). At 
the same time the voltage drop across R B 
decreases from 7.5 v to 7.4 v. and the base- 
emitter voltage increases from 0 to -0.1. 
curve (2). Thus during the first half cycle 
(0° to 180°) of applied signal, the base-emitter 
current varies sinusoidally through a maximum 
change of 100 m a. 



In the collector circuit the collector current 
also varies sinusoidally through a maximum 
change of 4 ma as the collector voltage varies 
sinusoidally through a maximum change of 7.5 v, 
curves (3) and (4). 

The input signal voltage for the second 
half cycle is of opposite polarity to that for 
the first half cycle, curve (1). Thus the signal 
voltage opposes the battery voltage and lowers 
the voltage drop across Rg to 7.3 v at the 
instant when t = 270°. At this instant the signal 
voltage acting in series addition with the capac- 
itor voltage develops a voltage of -0.2 v across 
the base-emitter junction in the forward or 
easy direction of current flow. Thus the base 
current increases to a peak of -200 n a. This 
action causes the collector current to increase 
to a maximum value of -8 ma, as the self- 
induced voltage in the output transformer 
primary causes the collector voltage to swing to 
zero, curves (3) and (4). 

The voltage equation for the instant when 
t = 270° that corresponds to the (red circuit) 
designation 



VOLTS 
ADMNBEGA " U 1S 



Bat 

7.5 



RB 
7.3 - 0.2 



e BE=° 



(7) 



The current flow through R3 (fig. 9-10.D) 
decreases slightly from 100 /i a to 99 The 
signal current flowing into function N from 
terminal H increases from 0 to 101 /*a and 
combines with the bias current flowing through 
R B into junction N to increase the base- emitter 
current from -100 /^a to -200 ^a, curve (2). 
This current returns to junction A where it 
divides almost equally with 101 n a, returning 
to the secondary of the input transformer and 
99 ^a returning to the battery. 

The voltage equation for the instant when 
t = 270° that corresponds to the blue designation 



VOLTS 
HAGEBNH 



= 0 is 



" e s + e BE - E c = 0 



.0.1- 0.2 - 0.1= 0 



(8) 
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The voltage equation for the instant when 
t = 270° that corresponds to the brown desig- 
nation 



VOLTS 
Z^HADMNH U1S 

~ e S + E Bat " E RB " E c = 0 
-0.1 + 7.5 - 7.3 - 0. 1 = 0 



(9) 



As the voltage across Rg decreases from 
7.4 v to 7.3 v, the voltage across the base- 
emitter junction increases from -0.1 v to -0.2 v 
in the forward direction of the base-emitter 
circuit. The second half cycle is completed 
as the signal voltage decreases from negative 
maximum to 0, the base-emitter current 
decreases from -200 to -100 pa, and the 
collector current decreases from -8 ma to -4 ma 
and the collector voltage swings from 0 v 
back to -7.5 v. 

The peak-to-peak signal voltage appearing 
across the primary of the output transformer 
is 15 v. The peak-to-peak signal component 
of current through the primary of the output 
transformer is 8 ma. The power output of the 



amplifier is e rms i r ms, 
0.707 = 15 mw. 



or |x 0.707 x]x 



CASCADE AMPLIFIERS 

Transistor amplifier stages may be con- 
nected in cascade as illustrated in figure 9-11. 
Transistors Ql and Q2 are PNP junction tran- 
sistor audio voltage amplifiers, and Q3 is a 
PNP junction transistor power amplifier. 



Single- Ended 

Each stage is single-ended. Transformer 
Tl is a step-down matching transformer that 
couples a high- impedance microphone to a low- 
impedance input circuit. Interstage coupling 
transformers T2 and T3 match the output 
impedance of one stage to the input impedance 
of the next. These impedances are not widely 
different. For example, the output impedance of 
Ql may be 2000 ohms and the input impedance 
of Q2 may be 1000 ohms. Transformer T4 is 
a stepdown transformer that couples the output 
signal in the collector circuit of the third stage 
to the low- impedance voice coil of the repro- 
ducer. Capacitors CI, C2, and C3, block the 
d-c bias from the secondaries of Tl, T2, and 
T3, and couple the signal to the input circuits. 
Potentiometer P, serves as a volume control 
for the amplifier. Volume increases as the arm 
is moved toward the upper end of T2. Resistors 
Rl- R2, and R3 limit the no-signal base-emitter 
bias 'current to the proper value for each stage. 
The grounded-emitter is common to all input 
and output circuits, and the polarities of the 
input and output d-c voltages for each stage cor- 
respond to those required by PNP junction 
transistors. 

Push- Pull 

Transistor power amplifiers are usually con- 
nected in push-pull because of the advantages 
over single-ended operation. The most impor- 
tant advantages are the reduction in distortion 
and the removal of d-c core saturation from the 
output transformer. Second harmonic distortion 
and other distortion caused by even-order har- 
monics are cancelled in push-pull class A 



MIKE 
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Figure 9-11.— Cascade connection of transistor amplifiers. 
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amplifiers. The load impedance and the output 
power are twice the values for single-ended 
operation. The incremental inductance of the 
output transformer is higher as a result of the 
elimination of the d-c component of primary 
current. 

A class A push-pull amplifier using PNP 
transistors is illustrated in figure 9-12, A. The 
characteristic curves for these transistors are 
illustrated in figure 9-12, B. When biased for 
class A operation the no-signal collector current 
is 4 ma (point B on the load line). The cor- 
responding base current is 100 n a. The voltage 
across the bias resistor, Rb, is the difference 
between the battery voltage and the drop across 
the base-emitter circuit, or 7.5 - 0.1 = 7.4 v. 
The no- signal base-emitter current through Rg 
is the sum of the base- emitter current supplied 
to each transistor, or 200 ji a. The resistance 
of Rb is 



0 ' 'J\ e = 37,000 ohms 
200xl0" b 



Consider the action of the input signal on the 
base-emitter current of each transistor. When 
t=0° the input signal is 0, and the base-emitter 
current through Rb divides at C, flowing in 
opposite directions through the two halves of 
the secondary of Tl. 

When t=90° the signal voltage has a peak 
value of 0.2 v, and the direction is represented 
by the solid arrows. The signal voltage is 
distributed equally between both halves of the 
secondary of Tl with 0.1 v acting in each half. 
By tracing around the input circuit of Ql, 
GFCABEG, the voltage equation is developed. 

By Kirchhoff'slawofvoltages^ G J^| G = 0, 

and the corresponding equation is 7.5-7.4-0.1=0. 
The first term of this equation represents the 
battery voltage, the second term represents the 
drop across Rb, the third term represents the 
signal voltage across the upper half of the 
secondary of Tl, and the fourth term represents 
the drop across the base-emitter circuit of Ql. 
At this instant (t=90°) the signal voltage induced 
in the upper half of the secondary of Tl opposes 
the flow of base- emitter current in Ql, and the 
base current of Ql is 0. 

At the same instant the signal voltage in- 
duced in the lower half of the secondary of Tl 



aids the flow of base- emitter current in Q2. 
The voltage equation corresponding to the desig- 

^"EcFCDBEG = 0 is 7.5-7.4+0.1-0.2-0. 
The first term represents the battery voltage, the 
second term represents the drop across Rb, the 
third term represents the voltage induced in the 
lower half of the secondary of Tl, and the fourth 
term represents the drop across the base- 
emitter circuit of Q2. At this instant (t=90°) 
the base-emitter current of Q2 is 200^ a. 

One half cycle later when t=270° the polar- 
ities of the signal voltage are reversed as in- 
dicated by the dotted arrows in the secondary 
of Tl. At this instant the voltage in the upper 
half of the secondary of Tl aids the base- 
emitter bias voltage of Ql, and the base current 
of Ql increases to 200 ^ a. At the same instant 
the voltage in the lower half of the secondary of 
Tl opposes the base-emitter bias of Q2, and 
the base current of Q2 decreases to 0. For 



VOLTS 
GFCABEG 



= 0, 



the upper circuit, GFCABEC^ 
and the voltage equation is 7.5-7.4+0.1-0.2=0. 
For the lower circuit, GFCDBEG ^GFCDBEG 

= 0, and the voltage equation is 7.5-7.4-0.1 -0=0. 
From the fourth term in these equations the 
voltage drop across the base-emitter terminals 
of the transistors is 0.2 v for Ql and 0.0 v for 
Q2. Thus the base- emitter current of Ql has 
increased to 200 n a while that of Q2 had de- 
creased to 0. 

The current through Rq remains constant 
over the input cycle, hence the voltage drop 
across Rb is constant, and Rb does not require 
a bypass capacitor when the amplifier is op- 
erated class A. 



The waveform of current in the collector 
circuits of Ql and Q2 is like that of the input 
circuits. On no- signal the collector currents 
flow in opposite directions through the primary 
of T2 from the center tap. Because these cur- 
rents are equal in magnitude, the ampere turns 
are equal. Because they are opposite in direc- 
tion, they produce no effect on the magnetiza- 
tion of the iron, and there is no magnetization 
of the core when the input signal isO. When the 
input signal current increases the collector cur- 
rent of Q2 from 4 ma to 8 ma, it decreases the 
collector current of Ql from 4 ma to 0. The 
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Increasing current in the lower half of the 
primary of T2 and the decreasing current in the 
upper half combine additively in the secondary 
to produce the output voltage of T2. Similarly 
on the next half cycle the increasing current in 
the upper half of the primary of T2 and the 
decreasing current in the lower half combine 
additively in the secondary. The effect is the 
same as that of combining the output signal 
voltages of Ql and Q2 in series addition across 
the two halves of the primary of T2. Thus, the 
Ql output signal voltage of 15 v (peak-to-peak) 
combines effectively in series addition with the 
Q2 output signal voltage of 15 v (peak-to-peak) 
to produce a peak-to-peak output voltage of 30 
v. The peak-to-peak signal current through the 
primary of T2 is 8 ma. Thus, the effective 
impedance looking into the primary of T2 is 
30 

3750 ohms. The power output is 



0.008 



30 



8 



e rms i rms =~2" x 0.707 xyx 0.707 = 30 mw. 

This value of power output is twice that of the 
example of figure 9-10 in which a single-ended 
amplifier employs a transistor of the same 
characteristics as those of the push-pull stage. 



TRANSISTOR OSCILLATORS 

Because transistors have the ability to 
amplify, they can be used in oscillator circuits 
which are similar to those using electron tubes 
as described in the preceding chapter. 



TICKLER FEEDBACK 

A PNP transistor oscillator using a tickler 
coil for inductive feedback is illustrated in 
figure 9-13, A. The base is common to the input 
and output circuits. The battery at the left 
biases the emitter-base input circuit in the 
forward direction. The battery at the right 
biases the collector-base output circuit in the 
reverse or high resistance direction. Wave- 
forms of emitter current (ie) and collector 
current (i c ) are indicated in figure 9-13, B. 

Oscillations begin when power is applied 
(S is closed). Emitter current, i e , and collector 
current, i c , increase from O to Y (fig. 9-13, B) 
because of regenerative feedback in Tl from the 
3-4 winding to the 1-2 winding. 
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Figure 9-13.— Tickler feedback oscillator. 

At point Y the transistor is saturated and no 
further increase in current will occur. Feed- 
back ceases and i e starts to decrease. Collector 
current i c , starts to decrease. The feedback 
in Tl reverses polarity and causes i e to 
decrease to zero. At zero (point Z, fig. 9-13, 
B) feedback again ceases. 

Once the feedback voltage drives the tran- 
sistor to cutoff, the bias voltages revert to 
their original condition and the process is 
repeated. The transistor is driven to satura- 
tion, then to cutoff, then back to saturation 
and so forth. The time for change from satura- 
tion to cutoff is primarily determined by the 
tank circuit which in turn determines the fre- 
quency of oscillation. 

HARTLEY TRANSISTOR OSCILLATOR 

An NPN junction transistor employed in a 
Hartley oscillator is shown in figure 9- 14. The 
tapped coil returned to the common emitter 
identifies the circuit as the Hartley. The col- 
lector circuit may be either shunt fed (fig. 9-14, 
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Figure 9-14.— NPN junction transistor Hartley oscillator. 



A) or series fed (fig. 9-14, B). Resistor Rfj 
limits the base-emitter bias current to the 
proper value. The L and C values of the tank 
circuit control the frequency of the oscillator. 
Capacitor Cg prevents the tank coil from 
shorting the base-emitter junction of the tran- 
sistor. Resistor Rg limits the collector current 
to a safe value and Ce prevents negative feed- 
back. Battery Eb provides bias current for 
the input and collector voltage for the output 
circuit. 

When S is closed (fig. 9-14, B), collector 
current flows from the negative terminal of the 
battery through the lower portion of the tank 
coil to terminal E of the transistor by way 
of the center tap of L. The rising value of the 
collector current induces a voltage in the 
upper half of L that aids the flow of base- 
emitter current. This induced voltage is rep- 
resented by the Solid arrow. The accompany- 
ing increase in base- emitter current causes 
a further increase in collector current. The 
action continues until saturation is reached. 
Resistor Rg determines the operating point 
on the a-c load line (not shown). 

At saturation the collector current stops 
rising and the induced voltage in the upper half 
of L reduces to zero. This action reduces the 
magnitude of the base-emitter bias current, 
which reduces the magnitude of the collector 
current. The collapse of collector current 
induces a voltage in the upper half of L of 
opposite polarity to that originally induced by 



the rise of collector current. The direction is 
indicated by the dotted arrow. This voltage 
opposes the base- emitter bias current and re- 
duces the collector current to zero. When the 
collector current is zero, the induced voltage 
in the upper half of L becomes zero and the 
base-emitter bias current again increases. The 
increase in collector current initiates the second 
cycle of operation. During each half cycle the 
tank capacitor charges and discharges with an 
interchange of energy occurring between the 
coil and the capacitor. This action controls 
the oscillator frequency. Increasing L or C 
decreases the frequency. The resonant fre- 
quency of the tank is 



where f is in mc, L is in fih, and C is in ^f . 
The oscillator frequency is less than the value 
indicated in the formula because of the loading 
effect that the transistor imposes on the tank. 

COLPITTS TRANSISTOR OSCILLATOR 

A common emitter PNP transistor connected 
as a Colpitts oscillator is illustrated in figure 
9-15, A. The capacitor voltage divider C1C2 
replaces the tapped coil of the previously 
described Hartley oscillator. 

When S is closed, oscillations start. CI and 
C2 acquire the polarities indicated. The base- 
emitter is forward biased and the collector 
emitter reverse biased as in amplifier circuits. 
Base current, ib, flows on the initial charge 
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Figure 9-15. — Colpitts transistor oscillator. 

of C2. Collector current flows through R2 and 
collector voltage, e c , decreases (X to Y, fig. 
9-15, B) due to drop through R2. 

Capacitor C2 charges to approximately 
three-quarters of the battery voltage via R2; 



ib and i c increase during this time. Then C2 
starts to discharge via tank coil L into CI. 

The voltage across CI is initially low (point 
Y, fig. 9-15, 3). As the C2 voltage falls, i b 
decreases, and i c decreases (both to cutoff); 
ec increases with the charge in CI (Y to Z. 
fig. 9-15, 8). 

Capacitor CI discharges into C2 via L. 
During the next portion of the cycle, Z to Y: 
C2 assumes a charge, ib increases, and ic 
starts to flow again. The collector voltage e c 
drops because the voltage increases across 
R2. The battery supplies additional charge to 
C2 during this part of the cycle to overcome 
tank circuit losses. 

Capacitor C2 stops charging; eb and ib 
stop increasing (point Y'). The base-emitter 
bias reverts to the normal value; i c decreases 
as C2 begins to discharge into CI via tank coil 
L (points Y f to Z f ). Capacitor C2 voltage, e2. 
decreases; eb, ib* ic decrease (Y* to Z\ 
fig. 9-15, B); ei and e c increase in magnitude 
(Y f to Z 1 ). As ib decreases to cutoff, i c de- 
creases to zero, and CI starts to discharge 
again into C2, to repeat the cycle (point Z f ). 



FREE-RUNNING MULTIVIBRATOR 

Two PNP transistors are connected in a 
common emitter circuit to form a free- running 
multivibrator (fig. 9-16, A). The waveforms 
are illustrated in figure 9-16, B. This oscil- 
lator is basically a two stage r-c coupled 
amplifier with the output of the second stage 
coupled through Cl to the input of the first 
stage, and the output of the first stage coupled 
through C2 to the input of the second stage. 
The feedback action is similar to that of the 
free- running multivibrator using triode elec- 
tron tubes. 

Assume that when S is closed, Ql conducts 
more than Q2. The Ql collector voltage, e C L 
falls, that is, goes less negative (due to the 
drop through R2). Capacitor C2 discharges 
through the collector-emitter circuit of Ql via 
R3 and the battery. This action places reverse 
bias on the base-emitter circuit of Q2 and holds 
Q2 cut off. 

Capacitor Cl charges via R4 and the base- 
emitter circuit of Ql to add forward bias current 
to the Ql input. Collector current of Ql goes 
to saturation. 
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(B) WAVEFORMS M1 

Figure 9-16. — Free-running transistor 
multivibrator. 



that is charging has reached its final value before 
the other capacitor has completely discharged. 

The frequency of the transistor multivibrator 
depends on the discharge time- constant, the type 
of transistor, and the magnitude of the supply 
voltage. 

ONE-SHOT MULTIVIBRATOR 

The transistor one- shot multivibrator (fig. 
9-17, A) has a single (mono) stable condition of 
equilibrium* Like its electron tube counterpart, 
it requires a trigger pulse to cycle and return 
to its initial state. 

For example, in the absence of a trigger, the 
base-emitter circuit of Q2 is forward biased and 
Q2 conducts. The base-emitter circuit of Ql 
is reverse biased (the drop across R6 exceeds 
that across ^2) and Ql is cut off. 




(A) CIRCUIT 



As C2 continues to discharge,, its voltage 
decreases and the base of Q2 becomes less 
positive until at zero volts, the Q2 forward 
bias current starts to flow from the supply 
battery via R3, and Q2 conducts. 

As Q2 conducts, e c 2 faUs (due to the drop 
through R4) and CI discharges via the collector- 
emitter circuit of Q2, E c , and Rl. The direc- 
tion of electron flow to and from the Ql input 
applies reverse bias to the base-emitter circuit 
of Ql and therefore cuts off the Ql collector 
current. 

Capacitor C2 recharges via R2 and the base- 
emitter circuit of Q2 to increase the forward 
bias of the Q2 input; e c 2 falls as the Q2 
collector current goes to saturation. 

The discharge time of CI and C2 is relatively 
long compared to the charge time. The capacitor 
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Figure 9- 17.— One-shot multivibrator. 
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A negative trigger (fig. 9-17, B) is applied 
to the base-emitter circuit of Ql (fig. 9-17, A) 
to start the cycle. The drop across R2 ex- 
ceeds that across R6 to momentarily forward 
bias the Ql input; Ql collector current flows 
and the Ql collector voltage, e c l, falls (due to 
the drop through R3); C2 discharges via R4, 
the collector-emitter circuit of Ql and the bat- 
tery, E c . 

This action biases the base-emitter circuit 
of Q2 in the reverse direction to cut off Q2. 
Q2 is held cut off until C2 discharges to zero; 
now Q2 is no longer reverse biased; Q2 col- 
lector current starts to flow; the drop across 
R6 exceeds that across R2 to place reverse 
bias on the Ql input. 

Transistor Ql is cut off; e c j rises and C2 
charges via R3 and the Q2 input to place a 
forward bias current through the Q2 input. Col- 
lector current of Q2 goes to saturation and the 
drop across R6 holds Ql cut off until the next 
input trigger via CI. 

The input trigger is of short duration and 
lasts only long enough to initiate the cycle. 

The relatively long interval that Q2 is off 
and Ql is conducting is caused by the relatively 
large value of R4 (in the C2 discharge path) 
compared with that of R3 (in the C2 charge 
path). 

The repetition rate of the oscillator is that 
of the external trigger. 

The one- shot action is thus seen to be that 
of temporarily cutting Ql on and Q2 off; after 
C2 discharges, Q2 reverts to its initial con- 
ducting condition and Ql returns cut off. 



FLIP-FLOP (ECCLES- JORDAN) 
MULTIVIBRATOR 

The flip-flop (Eccles- Jordan) multivibrator 
(fig. 9-18, A) is a bi- stable oscillator (either 
Ql conducts when Q2 is off, or Ql is off when 
Q2 conducts. 

In this example the circuit is assumed to be 
symmetrical, that is, R3=R4, R5=R6, R1=R2, 
C1=C2, C3=C4, and transistor Ql is similar to 
transistor Q2. The waveforms are shown in 
figure 9-18, B. 

Assume that when battery power is applied, 
Ql conducts more rapidly than Q2. Collector 
voltage e c l falls because of the increased drop 
through R3. This action reduces the voltage 



applied to the divider R6, R2 and Eb cuts off 
Q2 (Eb is greater than the drop across R2). 
Collector voltage ec2 rises to almost the col- 
lector supply voltage Ec (because there is only 
a small drop through R4). This action supplies 
increased voltage across divider R5R11. The 
drop across Rl exceeds Eb to place forward 
bias on the Ql input circuit. Transistor Ql 
conducts heavily. Thus prior to time, to (fig. 
9-18, B), Ql conducts and Q2 is cut off. 

At time, t 0 , a positive pulse is applied 
between the base and ground of Ql which reduces 
the current through Rl and the collector current 
in Ql; e c i rises (there is less drop in R3) and 
the voltage supplied to divider R6R2 increases; 
the drop across R2 exceeds Eb and the resulting 
forward bias on Q2 causes Q2 to conduct heavily; 
ec2 falls (due to increased drop across R4) and 
less voltage is supplied to divider H5R1. The 
drop across Rl falls below Eb and Ql cuts off. 




(6) WAVEFORMS 

20.177 

Figure 9-18. — Flip-flop (Eccles- Jordon) bi- 
stable multivibrator. 
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Thus a positive pulse applied to the Ql base 
via C3 at time, t 0 , cuts off Ql and cuts on Q2. 
This condition is stable. 

(The same positive pulse applied to the Q2 
base at time, tg, would have no effect on Q2 
because Q2 was already in cutoff condition due 
to the faster current rise in Ql at the time 
battery power was applied.) 

At time, tj, a positive pulse applied to the 
Q2 base (Q2 conducting) will cut off Q2. The 
rise in collector voltage, e c 2, will apply forward 
bias to Ql (the drop across Rl will exceed E^) 
and Ql will conduct with an accompanying de- 
crease in e c i (caused by the increase in drop 
across R3). 

Thus a second stable condition exists at tj 
when Ql conducts and Q2 is cut off. 

Note that the repetition rate of the output 
waveform between both collectors and ground 
is one-half that of the input pulses (2 input 
pulses for 1 output pulse). 



BLOCKING OSCILLATOR 

A transistor free running oscillator (fig. 
9-19, A) may be made to block periodically by 
inserting a capacitor, CI, across the base- 
emitter circuit and a resistor, Rl, in a self- 
biasing circuit provided the time constant, R1C1, 
is relatively long compared to the period of one 
cycle. Positive feedback is accomplished from 
collector to base by mutual induction from pri- 
mary to secondary of the transformer. The 
waveforms are illustrated in figure 9-19, B. 

When S is closed, i c increases (A to B, 
fig. 9-19, B) because of positive feedback and 
the increase of i^ (forward bias from the bat- 
tery via Rl); e c falls as i c rises (A to B). 




6 
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Figure 9-19.— Transistor blocking oscillator. 



Positive feedback through the transformer 
resulting from the increase in collector current 
through the primary charges CI (B to C). At 
point C, i c goes to zero as e c increases from 
point C to point D; eb goes positive as CI dis- 
charges in series addition to the battery voltage. 
(The voltage across Rl is greater than Ec and 
this action places reverse bias on the base- 
emitter circuit (points C to D).) 

As CI discharges (D to E) its voltage falls 
and eventually will unblock Ql to permit the 
cycle to repeat. 

The period from D to E indicates damped 
oscillations in the transformer primary when 
an interchange of energy takes place between 
the distributed capacitance and the inductance 
of the winding. 

The repetition rate of the blocking oscillator 
depends on the time constant R1C1. 

SERVICING TECHNIQUES 

Transistors may be damaged beyond repair 
by applying the incorrect polarity to the col- 
lector circuit or excessive voltage to the input 
circuit or by careless soldering techniques 
that overheat the transistor. Also the low- 
voltage electrolytic capacitors used in tran- 
sistor circuits are easily damaged by reversed 
polarity connections or excessive voltage. 

Because of the small physical size of tran- 
sistors and their associated circuit components, 
small-sized tools are used. Small cutting pliers 
and needle-nose pliers are more useful than 
the conventional sizes. Narrow-blade screw 
drivers are more useful than larger, conven- 
tional types. A sharp -pointed, thin metal probe 
is also useful for cleaning solder from small 
openings or areas. Soldering is performed 
more satisfactorily with a small low-wattage 
soldering iron or pencil (35 to 40 watts) having 
a narrow point or wedge. 

Always ground the frame of the soldering 
iron or gun to the chassis when soldering around 
transistors of transistor circuitry. Enough 
leakage voltage is present inmost irons to cause 
damage to the transistor. Soldering with an 
ungrounded iron to a transistor and its associated 
circuitry held in one's hand may damage the 
transistor because the body has considerable 
capacitance to ground; the charging of this 
capacitance through the transistor can cause 
permanent damage. The junction is made very 
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thin in order to operate at very high frequencies 
and is easily damaged by excess current. The 
same precaution (grounding the frame or 
chassis) is followed in applying any a- c operated 
test equipment. 

When soldering transistor leads, the terminal 
lead is held with needle-nose pliers (or a heat 
shunt) positioned between the transistor body 
and the lead end. This arrangement allows the 
heat to travel into the pliers (or shunt), thereby 
diverting it away from the transistor. To make 
sure that all the heat is drawn away from the 
transistor, the pliers should remain securely 
on the lead for a short interval after removing 
the iron. Transistor leads should be relatively 
long and the soldering operation should be as 
short as possible. Low- temperature rosin core 
solder is the proper type to use. 

Where transistor leads are stiff they maybe 
plugged into appropriate type sockets. In this 
case the socket terminals should be soldered 
only when the transistor is out of the socket. 

Transistor components are small and the 
connecting wires of resistors, capacitors, and 
coils are easily broken. These wires should be 
handled carefully both in installations and in 
replacements. 

Transistors are biased in the forward, or 
low- resistance direction, of the base-emitter 
input circuits. These circuits are particularly 
vulnerable to any excess voltage over their 
rated value. This excess voltage can cause a 
current to flow that will overheat the transistor 
junction and permanently damage it. Proper 
operation depends on the crystal lattice struc- 
ture and the impurity atoms that are present. 
Heat will distort the lattice and affect the 
behavior of the impurity atoms so that normal 
transistor action is seriously impaired. Ex- 
cessive collector current will generate more 
heat in the relatively high impedance of the 
collector circuit and damage the transistor. 
Maximum allowable collector current depends 
on the ambient temperature. If the ambient 
temperature goes up, the maximum allowable 
collector current must be decreased (derated). 

Both the value and the polarity of voltages 
to be applied to transistor circuits should be 
carefully checked before they are applied. It 
is important to know the type of transistor 
being used. The NPN types require positive 
collector voltages and negative emitter voltages 
(fig. 9-9); whereas, the PNP types require 



negative collector voltages and positive emitter 
voltages (fig. 9-10). Transistors should be 
inserted properly in the sockets before voltages 
are applied in order to avoid the possibility 
of transient current which might damage a 
transistor if allowed to flow. Similarly, voltages 
should be disconnected before removing tran- 
sistors from sockets. If the magnitude of the 
collector current is in doubt a milliammeter 
of suitable range should be connected in series 
with the collector terminal, and battery po- 
tential should be applied gradually by means of 
a potentiometer. 

When signal generators are used in testing 
transistor circuits the magnitude of the signal 
should be limited to a low value, especially in 
low-level input stages. Indirect coupling, for 
example (either capacitive or inductive) is 
preferred to direct coupling. The ungrounded 
lead from the output terminal of the signal 
generator can be terminated on the insulated 
portion of a capacitor or resistor in the circuit 
under test. Another method is to connect a coil 
to -the output terminals of the signal generator 
ana bring the coil into proximity with inductiv t e 
elements of the circuit under test. 

If an ohmmeter is used to check components 
in "a transistor circuit, the range in use should 
not employ a battery of more than about 3 v. 
Higher voltages can damage the transistor. 
Electrolytic capacitors may give incorrect 
readings if the rule for polarities of the ohm- 
meter leads is not observed when connecting 
the leads to the capacitor terminals. The posi- 
tive lead of the ohmmeter should connect to the 
positive terminal of the electrolytic capacitor, 
and the negative lead should connect to the 
negative terminal for correct indications to 
be possible. 

The markings of the test leads do not nec- 
essarily indicate the polarity of the voltage on 
the leads when using a multimeter as an ohm- 
meter. The lead marked "common" may be 
either positive or negative with respect to the 
other leads depending on the design of that 
particular multimeter. Make sure by reference 
to the technical manual or by checking with 
another meter of known polarity. For example, 
when using the AN/PSM-4A as an ohmmeter, 
the lead marked "common'' is positive with 
respect to the lead marked "volt-ohm-amps". 

A transistor may be tested for its amplifying 
property by inserting it in a circuit like that of 
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figure 9-9 and app lying a suitable input signal, 
preferably from an audio signal generator. The 
input and output voltages are then measured with 
a vacuum-tube voltmeter and the gain is calcu- 
lated. This value is then compared with that of a 
transistor known to be in good condition. 

When the output of a transistor radio re- 
ceiver is distorted or weak, the first thing to 
check is the battery. Its voltage should be 
checked with a vacuum-tube voltmeter or high 
resistance volt-ohmmeter while the set is turned 
on. If the battery is weak, its voltage will be 
down 20 percent or more. Before replacing the 
battery the resistance between the battery clips 
should be checked. For example, if the resist- 
ance measured with an ohmmeter (requiring 
a battery of not over 3 v) is 8000 ohms and the 
manufacturer's limits are 6000 to 15,000 ohms, 
it is safe to insert a new battery. An alterna- 
tive method of some manufacturers is to indicate 
the allowable current drain of the battery instead 
of the resistance between the battery clip with 
the battery removed. To obtain an indication of 
the current that the battery supplies to the set, 
a milliammeter can be connected in series with 
the battery and either clip. 

TRANSISTOR POWER SUPPLIES 

Transistor circuits require relatively low 
amounts of power compared to electron-tube 



circuits, and for this reason, small batteries 
like the carbon-zinc types and the newer mer- 
cury types are used. 

The mercury cell employs a negative elec- 
trode of zinc and a positive electrode of mer- 
curic oxide. The electrolyte is a solution of 
potassium hydroxide. Local action is very small 
and the cell has a long shelf life. 

The range of transistor power supply ratings 
is from the low voltage and current ratings of 
small flashlight cells to the medium ratings of 
15-v to 30-v "B" batteries. The smaller volt- 
age and current requirements pertain to sub- 
miniaturized equipments like hearing aids. The 
medium requirements pertain to transistor 
power amplifiers like those terminating in a 
loudspeaker. 

Where transistor circuits are to be operated 
from an a-c source, the transistor power supply 
utilizes components that are smaller than those 
used in electron- tube power supplies. The 
components may include a 2-winding power 
supply transformer, a crystal rectifier, a volt- 
age divider, and a low pass filter. The filter 
components may include resistors and electro- 
lytic capacitors. To prevent damage to tran- 
sistors due to excessive current, series limiting 
resistors are sometimes provided. 
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CHAPTER 10 



MODULATION AND DEMODULATION 



INTRODUCTION 

MODULATION is the process by which the 
amplitude or frequency of a sine wave voltage 
(the CARRIER) is made to vary with time ac- 
cording to the voltage or current variations of 
another (MODULATING) signal. The carrier 
is usually of a higher frequency than the 
modulating signal. 

DEMODULATION, or DETECTION, is the 
process by which the modulating signal is re- 
covered from the carrier at the receiver. The 
modulating signals to be considered in this 
chapter will be in the audio frequency range. 

Audio frequencies extend from 15 cycles 
per second to 20,000 cycles per second, as 
shown by the audio frequency spectrum in 
figure 10-1. The human voice extends from 
about 87 cps to 1175 cps. The violin has a 
range of from about 200 cps to 3000 cps, and 
the bass viol extends from about 40 cps to 
250 cps. The pure tones of the piccolo extend 
to about 5000 cps. However, combinations of 
sound frequencies produce harmonics that extend 
up to 20,000 cps. These combinations of fre- 
quencies give to the speech or music the identi- 
fying characteristics that distinguish one person 



from another and one type of musical instrument 
from another. 

For the following reasons it is not practical 
to transmit electromagnetic waves at audiofre- 
quencies—that is, without the use of a modulated 
r-f carrier: (1) The range of such transmission 
would be very limited because of the poor radia- 
tion efficiency of antennas at these low audio 
frequencies; (2) all transmitters would operate 
in the same frequency range, and therefore the 
signals could not be separated in the receivers; 
(3) the antennas would have to be excessively 
long to be in resonance at the middle frequency 
in the audio range (it follows that the antenna 
would be considerably out of tune at the end 
frequencies); and (4) the inductors and capaci- 
tors would have to be very large in order to pro- 
duce resonance at these low frequencies. 

These problems may be overcome by the use 
of a modulated r-f carrier at the transmitter 
end and a method of removing the modulation 
at the receiver end. The efficiency of radiation 
is thereby improved; each carrier with its as- 
sociated modulation component is confined to a 
relatively narrow band in the r-f spectrum; and 
interference (while still a problem in certain 
instances) is not intolerable. 
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Figure 10-1.— Audio frequency spectrum. 
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AMPLITUDE MODULATION 

Amplitude modulation (a-m) may be defined 
as the variation of the strength of the r-f out- 
put of a transmitter at an audio rate. In other 
words, the r-f energy is made to increase and 
decrease in power according to the audio (sound) 
frequencies. If the audio frequency is high, the 
radio frequency must vary in amplitude more 
rapidly than if the audio frequency were low. 
If the a-f tone is loud in volume, the r-f energy 
must increase and decrease by a larger per- 
centage than if the a-f tone were soft. Thus, 
the r-f variation must correspond in every 
respect with the a-f variations. 

Figure 10-2 indicates that the resultant 
wave with single-tone amplitude modulation 
consists of three separate waves. The lower 
sideband has a frequency equal to the difference 
between the modulation and carrier frequencies 
and is shown directly below the carrier in figure 
10-2. The upper sideband has a frequency equal 
to the sum of the carrier and modulation fre- 
quencies and is shown above the carrier in 
figure 10-2. The carrier and the sidebands are 
not merely a mathematical abstraction; they may 
be separated from one another by filters and 
used individually. 

In an a- m wave only the sidebands contain 
the intelligence to be transmitted; the audio 
frequency as such is not transmitted. Because 
the modulating frequencies are the information 
to be transmitted, as much power as possible 
should be put into the sidebands. In other words, 
the amplitude of the modulated carrier wave 
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should be varied as much as possible. When the 
amplitude is carried completely to zero during 
the modulation cycle, the modulation is 100 
percent; and the sidebands contain the maximum 
permissible amount of power, or one-half the 
carrier power, because modulation greater than 
100 percent causes distortion. 

BANDWIDTH REQUIREMENTS 
Because an a-m wave has sidebands on 
each side of the carrier, the transmission of 
information by amplitude modulation requires 
the use of a band of frequencies rather than a 
single frequency. Music may contain frequency 
components as high as 15,000 cps, so that music 
modulated upon a carrier would produce sideband 
components extending to 15,000 cycles on each 
side of the carrier frequency. 

Local a-m broadcast stations are allocated 
a total bandwidth of only 10 kc (5 kc on each 
side of the carrier frequency) because of the 
large number of stations on the air. Since the 
total bandwidth is only 10 kc, audio frequencies 
above 5 kc cannot be transmitted without causing 
interference between stations. 

Naval a-m communication equipments oper- 
ate within the relatively narrow bandwidth re- 
quired for voice or code transmission. Navy 
receivers such as the AN/SRR 12 and 13 have 
narrow bandwidth capabilities on the sharp 
selectivity settings as indicated in figure 10-3. 
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Figure 10-2.— Curves showing how the carrier 
and sidebands combine to produce an a-m 
wave with 100-percent modulation. 
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Figure 10-3. -Sharp selectivity of AN/SRR 12 
and 13 receivers. 
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A liar row bandwidth permits the use of more 
selective circuits. These selective circuits re- 
duce noise and the number of interfering sig- 
nals. 

PERCENTAGE OF MODULATION 

The degree of modulation in an a-m wave is 
expressed by the percentage of maximum devia- 
tion from the normal value of the r-f carrier. 
The effect of such a modulated wave, as measured 
by receiver response, is proportional to the 
degree, or percentage, of modulation. 

An a-m wave is shown in figure 10-4. The 
percentage of modulation may be determined by 
the equation 



percentage of modulation = 



max 



'min 



2e, 



x 100, 



where e max is the maximum instantaneous value 
of the r-f voltage across the transmitter tank 
circuit, e m in the minimum instantaneous peak 
value of the r-f voltage, and eo the maximum 
instantaneous value of the r-f voltage in the 
absence of modulation. 
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Figure 10-4. — Percentage of modulation. 

It is important that the amplitude be varied 
as much as possible, because the output of a 
detector in a radio receiver varies with the 
amplitude variations of the received signal. 
Thus, a comparatively low-powered, but well 
modulated, transmitter often produces a stronger 
signal at a given point than a much higher 
powered, but poorly modulated, transmitter lo- 
cated the same distance from the receiver. 



If modulation exceeds 100 percent thore is 
an interval during the audio cycle when the 
transmitter is removed completely from the 
air. For example, in figure 10-5, the modu- 
lation is shown in excess of 100 percent. 
The audio voltage is assumed to have a peak 
value of 1500 volts, and the unmodulated car- 
rier voltage has a peak value of 1000 volts. 
A more detailed analysis of overmodulation is 
included later in this chapter under "Plate 
Modulation/' 
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Figure 10-5.— Amplitude modulation in excess 
of 100 percent. 

SYSTEMS OF AMPLITUDE 
MODULATION 

A block diagram of an a-m radiotelephone 
transmitter is shown in figure 10-6. The top 
row of blocks indicates the r-f section. The 
next row of blocks indicates the a-f section; 
and the lower block indicates the power supply, 
which provides all d-c potentials. 

The r-f section generates the high-frequency 
carrier radiated by the antenna. The methods 
by which the r-f signal is generated are treated 
in chapter 8. 

The a-f section includes a speech amplifier 
that receives a few millivolts of a-f signal from 
the microphone (chapter 11) and builds it up to 
several volts at the input to the driver stage. 
This stage is made up of power amplifiers 
(chapter 7) that convert the signal into a 
relatively large voltage and appreciable current 
at the input to the modulator. The modulation 
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Figure 10-6.— An a-m radio telephone transmitter. 



transformer is capable of handling considerable 
audio power. Its output is fed to the final r-f 
power amplifier in such a way as to alternately 
add to and subtract from the plate voltage of 
the r-f amplifier. 

The result is that the amplitude of the r-f 
field at the antenna is gradually increased in 
strength during the time the a-f output is in- 
creasing the r-f power and gradually decreased 
in strength during the time the a-f output is de- 
creasing the r-f power. 

In other words, during the positive alter- 
nation of the audio signal (between point 1 and 
point 2 in figure 10-6), the amplitude of the 
r-f output wave is increased, and during the 
negative alternation (between point 2 and point 
3) it is decreased. Amplitude modulation con- 
sists of varying the amplitude of the r-f an- 
tenna current (and r-f output wave) gradually 
over the relatively long a-f cycle. Thus, the 
r-f field strength is alternately increased and 
decreased in accordance with the a-f signal and 
at the a-f rate. 

There are a number of methods of producing 
amplitude modulation, such as plate modulation, 
grid modulation, screen-grid modulation, and 
so forth, but the two most important are plate 
modulation and grid modulation. 



Plate Modulation 

One method of accomplishing amplitude 
modulation, called HIGH-LEVEL PLATE MOD- 
ULATION, is shown in figure 10-7. It is called 
high-level modulation because the audio signal 
is injected in the plate circuit at a high level 
of plate voltage. The triode class-C power 
amplifier, VI, is tuned to a resonant carrier 
frequency of 1 megacycle. The plate current 
is 100 milliamperes, and the plate voltage sup- 
ply is 1000 volts. The grid input driving voltage 
is produced by the r-f oscillator and buffer 
amplifier (used to isolate the oscillator from 
the power stage), shown by block diagram at 
the left of figure 10-7. 

An audio signal of approximately 1000 volts 
(peak) having a sine waveform and a frequency 
of 1000 cps is produced by the a-f section shown 
by block diagram at the right of figure 10-7 
and appears as an output of the modulation 
transformer, M. This audio output voltage is 
in series with the r-f voltage across the tank 
circuit, LC, and the plate power supply, B+. 
In this example, conditions are established for 
the modulation of the 1-mc r-f output voltage 
with a single a-f signal having a sine wave- 
form. 
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Figure 10-7.— High level plate modulation. 



The 1-mc r-f carrier wave combines with the 
a-f signal to form sidebands. The frequency of 
the r-f voltage developed across the plate tank 
is 1000 times the audiofrequency. Thus, the 
time for one complete audio cycle is long enough 
to include 1000 cycles of r-f energy in the 
tank circuit, LC. 

Before an audio -modulation signal is intro- 
duced, the r-f signal applied to the grid of 
VI causes the triode to conduct periodically. 
During each conducting period, capacitor C 
charges. When the grid swings below cutoff, 
the triode stops conducting and the capacitor dis- 
charges through the coil. 

The exchange of energy between the coil and 
capacitor accounts for the a-c voltage developed 
across the tank. In this example, the peak a-c 
voltage across the tank capacitor, C, which 
received its charge from the 1000-voltB supply, 
is approximately 1000 volts, neglecting losses. 

Plate voltage varies between 1000 ± 1000, 
or 2000 volts and 0 volts, as the capacitor volt- 
age varies between + 1000 and -1000 volts. 
Plate voltage is above the B- supply voltage 
during that part of the cycle when the grid 
voltage is below cutoff and the triode is not 
conducting. Plate voltage is below the B- supply 
voltage during the time the grid is above cut- 
off and the triode is conducting. Energy to 
supply the tank circuit losses comes from the 
B supply, and the flywheel effect in the tank 
circuit accounts for the sine waveform of r-f volt- 
age and current within the tank. 

Now assume that the a-f voltage of sine 
waveform is introduced at M in series with the 



r-f tank and the B supply. Consider that por- 
tion of the a-f cycle in which the voltage is 
gradually rising according to the sine wave 
variation so that the polarity aids the voltage 
of the B supply. For 250 cycles of radio 
frequency (one quarter of one a-f cycle), the total 
voltage available for charging capacitor C in 
the plate-tank circuit is increasing from 1000 
volts to a maximum of 2000 volts. Assume that 
the capacitor charges to 2000 volts. The plate 
voltage at the end of 250 r-f cycles is a maximum 
of 2000 + 2000, or 4000 volts. TTius, with 100- 
percent modulation, and on the positive audio 
peaks, the value of the peak-to-peak voltage 
across capacitor C is approximately double the 
peak-to-peak value it would have without mod- 
ulation, or 4 times the B-supply voltage. 

The tank voltage starts to decrease between 
the 250th r-f cycle and the 500th r-f cycle as 
the a-f voltage falls from a maximum of 1000 
volts to zero volts during this period. From the 
500th to the 750th r-f cycle the polarity of the 
a-f voltage is reversed, and reaches a maximum 
negative value at the 750th r-f cycle, and the 
tank capacitor charges up to the difference volt- 
age between the 1000- volt B supply and the in- 
stantaneous a-f value. At the instant the a-f 
voltage is maximum negative (-1000 volts, at the 
750th r-f cycle), the tank capacitor is not 
charging at all. The tank voltage is zero, and 
the r-f output energy momentarily becomes 
zero. Then the a-f voltage starts to fall from 
maximum negative to zero and the opposition 
that it offers to the power-supply voltage 
(Bf) is reduced. The plate-tank capacitor 
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starts charging again, and the r-f tank current 
again gradually increases during the subse- 
quent 500 r-f cycles of operation. 

The transmitting antenna is coupled to the 
tank, and the instantaneous antenna current in- 
creases and decreases in accordance with the 
tank-current variations. An r-f ammeter in the 
antenna circuit indicates the effective value of 
the current and not instantaneous values. 

To understand the effective current indica- 
tion corresponding to an a-m signal, study the 
distribution of r-f and a-f power in the tank 
circuit of figure 10-7. Before any a-f signal 
is injected, the tank circuit is assumed to be 
resonant. Plate current is 100 milliamperesand 
is composed of a rapid succession of non- 
sinusoidal pulses due to class-C operation. 
The power supplied to the r-f tank comes chiefly 
from the plate power-supply source. This 
source supplies 1000 volts d-c and 100 mil- 
liamperes, or a power supply of 100 watts. 
The peak value of the a-f voltage introduced at 
M is assumed to be 1000 volts, which produces 
in this instance 100-percent modulation. The 
a-f voltage is assumed to be of a sine wave- 
form; and the peak value of the current is as- 
sumed to be 100 milliamperes. The current is 
the same in all parts of a series- circuit, and 
the output winding of the modulation transformer, 
M, is connected in series between the tank and 
B+. The a-f power supplied to this circuit is 
equal to one-half the product of the maximum* 
voltage and the maximum current. Thus, the 
power supplied by the a-f modulator is 

100 0 ^x 0.1 _ £Q watts. 

The transmitter output power (neglecting 
losses) before modulation is 100 watts, and 
after modulation is 150 watts. If the equivalent 
antenna load resistance is assumed to be 100 
ohms, the antenna current before modulation is 




= 1 ampere. 



When modulation occurs, the power in the 
preceding example increases to 150 watts. 
The antenna current is then 

1 ^=V^o = 1-224 amperes, 
which is an increase of 22.4 percent. 



In the preceding example the modulation is 
100 percent, which is the condition that exists 
when the audio power input is equal to one -half 
the r-f power input. When 100-percent modu- 
lation occurs, antenna current increases 22.4 
percent above the unmodulated value. 

As previously stated, if the modulation ex- 
ceeds 100 percent, there is an interval during 
the audio cycle when the transmitter output is 
zero. For example, in figure 10-5 the modu- 
lation is shown in excess of 100 percent. 
Assume that the audio input voltage of figure 
10-7 has a maximum value of 1500 volts instead 
of 1000 volts. At the instant the audio voltage 
is maximum and adds to the power- supply volt- 
age, the r-f voltage across the plate-tank cur- 
cuit rises to 1000 + 1500, or 2500 volts. 

On the negative alternation of the audio cycle, 
when the audio voltage subtracts from the 
power-supply voltage, the plate voltage reverses 
and becomes negative with respect to ground 
during the interval a to b (fig. 10-5) when the 
audio voltage exceeds the voltage of the power 
supply. Tank-circuit oscillations cease during 
this interval because power cannot be supplied 
to the tank circuit while the plate of the triode 
is negative. This condition is called OVER- 
MODULATION and results whenever the audio- 
modulation voltage exceeds the d-c voltage of 
the power-supply circuit. Over modulation not 
only produces a distorted envelope, but also 
produces excessive interference to stations 
operating on adjacent channels because of the 
production of broad sidebands. 

The circuit of figure 10-7 may be regarded 
as being composed of two sources of signal 
voltage and a common load in series. One 
source is the r-f generator, the other is the 
a-f generator, and the load is the resonant tank 
circuit coupled to the antenna load. 

Whenever two or more voltages of different 
frequencies are introduced into a circuit having 
a common nonlinear load impedance (the class-C 
amplifier), these two voltages combine to pro- 
duce two additional frequencies. These 
additional frequencies are called SIDE BANDS or 
SIDEBAND FREQUENCIES, as explained in the 
beginning of this chapter. They are the sum-and- 
difference frequencies of the r-f and a-f gener- 
ators. 

Thus, in the example under consideration, the 
r-f generator supplies 100 watts of power 
at a frequency of 1 mc; and the a-f generator 
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(in the case of 100-percent modulation) supplies 
50 watts of a-f power at a frequency of 1 kc. 
The tank circuit and the antenna coupled to it 
may be regarded as containing not only the r-f 
carrier current and its associated field (fig. 
10-8) but also two closely associated currents 
and their fields— one current having a frequency 
of 1000 + 1, or 1001 kc, and the other having a 
frequency of 1000 - 1, or 999 kc. 
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Figure 10-8.— Carrier wave and its sideband 
frequencies. 

The field radiated by the antenna into space 
at the speed of light may be regarded as being 
composed of the carrier and these two sidebands. 
The carrier has a power of 100 watts, neglecting 
circuit losses. The 50 watts of audio power are 
equally distributed in each sideband. Thus, the 
999-kc sideband has a power of 25 watts, and 
the 1001 -kc sideband also has a power of 25 
watts. When the r-f carrier is 100-percent 
modulated, one-sixth of the TOTAL power is 
contained in each sideband. 

During modulation, the r-f amplifier must 
handle peak currents that are twice the normal 
(unmodulated) value. Thus, during modulation 
an amplifier must be capable of handling up to 
four times the power it dissipates during 
steady intervals of unmodulated carrier output. 
For this reason, in a transmitter that is designed 
for both continuous-wave (c-w) and radiotele- 
phone service, the modulated amplifier stages 
are ordinarily reduced in carrier power output 
for phone operation. Even if the power output is 
not reduced, the phone signal is weaker because 
it depends on the sideband power, which cannot 
exceed one-half of the carrier power. 



The example under discussion has involved 
the simplest form of amplitude modulation. A 
single tone having sine waveform— like that 
produced by a tuning fork— constitutes the a-f 
input. Two sideband components accompany 
the r-f carrier (fig. 10-8); and when the mod- 
ulation is 100 percent the power in each sideband 
is one-sixth of the total input power. When the 
audio signal becomes more complex, the number 
of different frequency components increases. 

For each a-f component a sum-and-difference 
frequency is generated in the output of the 
transmitter. The power output of the audio 
modulator is divided equally among the sideband 
frequencies. Thus, as the number of sideband 
frequencies increases, the amountof power con- 
tained in any one sideband frequency is reduced. 
For example, for a given audio power input a 
signal containing speech does not have as much 
strength in any one frequency component as a 
code signal modulated by a single 1000-cps tone. 

In most Navy transmitters the output power 
is reduced when going from MCW to voice, to 
reduce the possibility of exceeding the power 
capabilities of the transmitter on modulation 
peaks. These peaks do not occur when using 
MCW. 

The usable range of a signal depends upon the 
ease with which it can be interpreted at the 
receiving station. A signal-to-noise level which 
renders a voice signal completely unintelligible 
may still permit the copying of an MCW signal 
by a skilled operator. For this reason a tone- 
modulated code signal has a slightly greater 
distance range than voice modulation, for the 
same transmitter. 

There are various methods of producing an 
amplitude-modulated wave, but the most im- 
portant one is high-level plate modulation. It 
has been shown that the audio signal is intro- 
duced in series with the plate circuit of a class- 
C amplifier where the plate voltage is at a rela- 
tively high level— the highest power level of 
the entire system. A class-C amplifier using 
high-level plate modulation is more efficient 
than a class- B or class- A amplifier that must 
be used with low-level modulation. Further- 
more, class-C amplifiers are more easily ad- 
justed and have proportionately less plate-power 
loss. For these reasons, high-level plate mod- 
ulation is widely used. 
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Grid Modulation 

Low-level grid modulation requires less 
bulky equipment than high-level plate modulation, 
with consequent savings in space, weight, and 
input power. This type of modulation has many 
Navy shipboard and aircraft applications. The 
a-f signal is applied in series with the grid 
circuit of the r-f power amplifier tube. The 
a-f signal varies the grid bias, which in turn 
varies the power output of the r-f amplifier. 
This variation in power output causes a mod- 
ulated wave to be radiated. This method is 
known as GRID-BIAS MODULATION. 

A circuit using grid-bias modulation is shown 
in figure 10-9. A modulation transformer is 
placed in series with the grid return lead of 
the r-f power amplifier. The a-f voltage from 
a modulating amplifier adds to or subtracts 
from the fixed grid-bias voltage and thus con- 
trols the output power from the r-f amplifier. 
The audio modulator tube supplying the mod- 
ulation transformer, M, must be operated as a 
class-A amplifier. Varying the grid bias of 
the r-f stage does not require a great amount 
of power. It is difficult to achieve any large 
degree of modulation by this method, and the 
r-f carrier output power is about one-quarter 
of that of the plate -modulated transmitter; 
thus, the intelligibility of the signal is de- 
creased. 




Figure 10-9. — Grid-bias modulation. 



Tone Transmission 

In tone transmission the r-f carrier is mod- 
ulated at a fixed audio frequency of about 1000 
cps. In some Navy transmitters the output of 
the transmitter is keyed in the same manner as 



for c-w transmission. An additional relay re- 
duces the output of the tone generator to zero 
when the key is up and the r-f output is zero. 
Other Navy transmitters employ a continuous 
carrier and key only the modulating signal when 
operating MCW. Because a buzzer or audio 
oscillator is generally used as the tone source, 
the amplitude of the modulated r-f output wave 
is practically constant and the modulation can 
be 100 percent. Tone modulation has a slightly 
greater distance range than voice modulation 
for the same transmitter. However,the range 
of tone modulation is always less than that of 
c-w transmission on the same transmitter. 
Receiver tuning on tone signals is broader 
than in straight c-w reception, and code signals 
are less apt to be lost as a result of transmitter- 
frequency drift. 

FREQUENCY MODULATION 

The intelligence to be transmitted may be 
superimposed on the carrier in the form of 
changes in the frequency of the carrier. This 
type of modulation is called FREQUENCY MOD- 
ULATION and has certain inherent advantages 
over conventional a-m transmission, particu- 
larly when static-free transmission is desired. 
However, in extensive tests conducted at the 
Naval Research Lab (NRL), it was found that 
for general Navy use amplitude modulation 
was in many ways more desirable than narrow- 
band frequency modulation. Nevertheless, the 
Naval Communication System uses a limited 
number of f-m transmitters and receivers. 
Aircraft altimeters use frequency modulation, 
as do some other radar and sonar equipments. 

F-M SIDEBANDS 

An a-m wave contains one upper and one 
lower sideband for each modulating frequency. 
An f-m wave may contain more than one pair 
of sideband frequencies for each modulating 
frequency. 

As shown in figure 10-10, the f-m wave con- 
sists of a carrier wave of frequency fo and 
associated sideband frequencies of fo t fm» 
*o ± 2 *ni» f 0 * ^m* and so forth, where f m is 
the modulating frequency and fo is the carrier 
frequency. Each line on each side of the center 
line represents a particular component of the f-m 
wave. The center line represents the carrier. 
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Figure 10-10. — Frequency and energy distribu- 
tion for 5 values of modulation index of an 
f-m wave. 



The lines to the right of center represent the 
upper sideband frequency components, and those 
to the left of center represent the lower side- 
band components. The lengths of the lines 
represent the energy levels of the various com- 
ponents. The horizontal distance between the 
center line and the last significant sideband 
(farthest removed from the center line) is 
proportional to the deviation frequency of the 
carrier, which depends in turn on the amplitude 
of the modulating frequency, fm. The sideband 
frequency components are spaced an amount 
equal to the modulating frequency. 



The number of sideband frequencies that con- 
tain sufficient energy to be important depends 
on the frequency deviation imposed on the car- 
rier by the modulating signal. For example, if 
the modulating frequency, fm, causes the carrier 
to deviate an amount equal to f m and no more, 
the first pair of sidebands, fo ± fm, is the only 
pair of importance. No additional energy is 
supplied an f-m wave during modulation. In 
contrast, additional energy is supplied an a-m 
wave during modulation. The energy of the f-m 
wave is redistributed during modulation, as 
shown in figure 10-10. 

The carrier energy is reduced when the 
modulation index (M) exceeds 0.5. The mod- 

ulation index * s y~» where f^ is the frequency 
m 

deviation of the carrier and f m is the modulat- 
ing frequency. During modulation, energy is 
taken from the carrier and redistributed in the 
sideband components. For the cases M = 2 and 
M = 5, some of the sideband frequency compo- 
nents contain more energy than the carrier. 
During strong modulating signals the energy 
level of the carrier approaches zero. 

Starting at the carrier and counting the side- 
band components consecutively in each direc- 
tion, the upper odd-numbered sideband frequency 
component is 180° out of phase (the phase rela- 
tions are not shown in the figure) with its asso- 
ciated lower sideband component. Thus the 
upper odd- numbered sideband component, fo + 
f m , is 180° out of phase with the odd-numbered 
lower sideband components, fo - fm. All even- 
numbered sideband frequency components are 
in phase with each other. Thus f Q + 2f m is in 
phase with fo - 2fm- The energy levels of a 
given pair equally spaced from the carrier are 
always equal. 

As with amplitude modulation, the bandwidth 
for frequency modulation or phase modulation is 
determined by the number of sidebands as- 
sociated with the carrier. An f-m wave with 
single-tone modulation theoretically has an 
infinite number of sideband pairs instead of 
just one pair, as in amplitude modulation. For- 
tunately, however, only a limited number of 
sidebands contain sufficient energy to be sig- 
nificant. An approximation of the number of 
significant sideband frequencies may be made 
by assuming that the important sideband com- 
ponents extend over a frequency range on each 
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side of the carrier by an amount equal to the 
sum of the modulation frequency and the car- 
rier frequency deviation. 

For example, in figure 10-10 the frequency 
deviation of the carrier, fo, is assumed tp be 
50 kc when the modulating frequency, f m , is 
equal to 10 kc (M = 5) and the bandwidth on 
each side of the carrier is approximately 
50 +10, or 60 kc, making a total bandwidth of 
60 x 2, or 120 kc. This bandwidth is an ap- 
proximation derived from the "rule of thumb" 
given in the preceding paragraph. Because the 
sideband components are spaced an amount 
equal to the modulation frequency, the product 
of the number of significant sideband com- 
ponents and the modulation frequency is equal' 
to the bandwidth. In this example there are 8 
significant sideband frequencies on each side 
of the carrier, as shown in the illustration at 
the bottom of figure 10-10. Thus the bandwidth 
is 8 x 10, or 80 kc, on each side of the carrier, 
or a total of 2 x 80, or 160 kc. The bandwidth 
thus depends upon (1) the modulation frequency 
and (2) the total frequency deviation of the car- 
rier. 

Thus the bandwidth requirement of an f-m 
system is greater than twice the frequency de- 
viation of the carrier by an amount equal to at 
least twice the modulating frequency. For most 
f-m systems the bandwidth is greater than that 
required for a-m systems. F-m transmission is 
made on higher carrier frequencies (88 to 108 mc 
for commercial channels) to obtain the necessary 
number of wideband channels. 

For commercial high-fidelity broadcast 
transmission, 15 kc is the highest modulation 
frequency. The maximum frequency deviation 
of the carrier is limited by the Federal Com- 
munications Commission (FCC) to 75 kc on each 
side of the carrier frequency. The ratio of 
frequency deviation to modulation-frequency, or 

75 

modulation index M, is therefore f]>= 5. As 

previously noted for a modulation index of 5, 
there are 8 important sidebands. Because the 
sidebands are spaced 15 kc apart, the bandwidth 
requirement is 8 x 15, or 120 kc, on each side 
of the carrier. 

Although the FCC regulation limits the car- 
rier shift to *75 kc, some significant sidebands 
may extend beyond this frequency. A guard 
band of 25 kc on each side of the allowable fre- 
quency swing of ±75 kc is established to take 



care of most of the significant sidebands beyond 
the established limits. 

Naval communications sets do not need high- 
fidelity response and therefore use modulating 
frequencies up to only a few thousand cycles. 
As mentioned earlier the important sideband 
components are approximately the sum of the 
modulation frequency and the carrier frequency 
deviation. With a carriertfrequency deviation of 
12 kc and a modulating frequency of 3 kc the 
approximate bandwidth is 2(3+12)= 30 kc for 
narrow band frequency modulation. 

DEGREE OF MODULATION 

To explain 100-percent modulation in an 
f-m system, it is desirable to first review 
the same condition for an a-m wave. As has 
been stated, 100-percent modulation exists when 
the amplitude of the carrier varies between zero 
and twice its normal unmodulated value. There 
is a corresponding increase in power of 50 per- 
cent. The amount of power increase depends 
upon the degree of modulation; and because the 
degree of modulation varies, the tubes cannot 
be operated at maximum efficiency continuously. 

In frequency modulation, 100-percent mod- 
ulation has a different meaning. The a-f signal 
varies only the frequency of the oscillator. 
Therefore, the tubes operate at maximum ef- 
ficiency continuously and the f-m signal has a 
constant power input at the transmitting antenna 
regardless of the degree of modulation. A 
modulation of 100 percent simply means that the 
carrier is deviated in frequency by the full 
permissible amount. For example, an 88-mc 
f-m station has 100-percent modulation when 
its audio signal deviates the carrier 75 kc 
above and 75 kc below the 88-mc value, when 
this value is assumed to be the maximum per- 
missible frequency swing. For 50-percent 
modulation, the frequency would be deviated 
37.5 kc above and below the resting frequency. 

SYSTEMS OF FREQUENCY 
MODULATION 

A successful f-m transmitter must fulfill 
two important requirements— (1) the frequency 
deviation must be symmetrical about a fixed 
frequency, and (2) the deviation must be directly 
proportional to the amplitude of the modulation 
and independent of the modulation frequency. 
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There are several systems of frequency 
modulation that fulfill these requirements. A 
MECHANICAL MODULATOR employing a ca- 
pacitor microphone is the simplest system of 
frequency modulation, but is seldom used. The 
two most important systems of frequency mod- 
ulation are REACTANCE-TUBE and ANGLE, 
or PHASE-ANGLE, MODULATION. The main 
difference between these two systems is that in 
reactance-tube modulation the r-f wave is 
modulated at its source (the oscillator), while 
in phase modulation the r-f wave is modulated 
in some stage following the oscillator. The 
results of each of these systems are the same— 
that is, the f-m wave created by either system 
can be received by the same receiver. 

Capacitor-Microphone System 

The simplest form of frequency modulation 
is that of a capacitor microphone, which shunts 
the oscillator- tank circuit, LC, as shown in 
figure 10-11. The capacitor microphone is 
equivalent to an air-dielectric capacitor, one 
plate of which forms the diaphragm of the 
microphone. Sound waves striking the dia- 
phragm compress and release it, thus causing 
the capacitance to vary in accordance with the 
spacing between the plates. This type of trans- 
mitter is not practicable (among other reasons, 
the frequency deviation is very limited), but it 
is useful in explaining the principles of fre- 
quency modulation. The oscillator frequency 
depends on the inductance and capacitance of the 
tank circuit, LC, and therefore varies in ac- 
cordance with the changing capacitance of the 
capacitor microphone. 

If the sound waves vibrate the microphone 
diaphragm at a low frequency, the oscillator 
frequency is changed only a few times per 



CAFAClTOft 
MlCftOFMONC 




?0.I87 



Figure 10-11. — F-m transmitter modulated by 
a capacitor microphone. 



second. If the sound frequency is higher, the 
oscillator frequency is changed more times per 
second. When the sound waves have low ampli- 
tude , the extent of the oscillator frequency change 
from the no-signal, or resting, frequency is 
small. A loud a-f signal changes the capacitance 
a greater amount and therefore deviates the 
oscillator frequency to a greater degree. Thus, 
the deviation frequency of the oscillator tank 
depends upon the amplitude of the modulating 
signal. 

In some military systems, in order to pre- 
vent interference between adjacent channel f-m 
transmitters, a bandwidth of 80 kc plus a guard 
channel of 20 kc is allowed for each transmitter. 
Thus, the strongest audio signal that can be used 
for modulating an f-m transmitter is limited 
to the value that causes a maximum deviation of 
40 kc on each side of the average, or resting, 
carrier frequency. This allowance makes avail- 
able a total of 80 kc, known as the CARRIER 
SWING, over which the frequency of any one 
transmitter may vary. 

To increase the initial deviation frequency 
of the oscillator (which is greatly restricted 
in the case of the capacitor- microphone modula- 
tor) to a suitable value in the output, a system of 
frequency multiplication is used. The circuits 
used to accomplish this frequency multiplication 
are contained in the block diagram labeled "fre- 
quency multipliers" in figure 10-11. One method 
used a broadly tuned plate-tank circuit in a class- 
C amplifier. The tank is tuned to the second 
harmonic of the grid- input signal and thus builds 
up a tank current and output signal at double 
frequency. The output of the first double r is 
fed into another similar doubler. Actually 
several stages may be used. For example, 
a 5-mc signal fed into a 3-stage amplifier 
using frequency doubling becomes a 40-mc 
signal at the output. An initial deviation of 
1 kc produced by an audio-modulation signal 
becomes a frequency deviation of 8 kc at the 
output of the third doubler stage. Actually, 
frequency triple rs or quadruplers may be used 
in some systems. 

Reactance- Tube System 

The reactance-tube system of frequency 
modulation is shown in figure 10-12. The 
reactance tube is an electron tube operated so 
that its reactance varies with the modulation 
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Figure 10-12.— Block diagram of a reactance- 
tube f-m transmitter. 

signal and thereby varies the frequency of the 
oscillator stage. 

In this circuit the reactance tube is con- 
nected in parallel with the oscillator tank and 
functions like a capacitor whose capacitance is 
varied in accordance with the audio signal, as 
in the capacitor- microphone system of fre- 
quency modulation. The frequency of the oscil- 
lator is thus changed, and the resulting f-m 
signal is passed through a frequency doubler to 
increase the carrier frequency and the deviation 
frequency, A power amplifier feeds the final 
signal to the antenna. The transmitter is kept 
with its assigned frequency limits by comparing 
the output of the transmitter with that of a 
standard crystal-controlled oscillator, and feed- 
ing back a suitable correcting voltage from a 
frequency-converter and discriminator 
(frequency-detector) stage. 

The theory of operation of a reactance-tube 
circuit may be explained with the aid of a figure 
10-13. The reactance tube, VI (fig. 10-13, A), 
is effectively in shunt with the oscillator tank, 
LC, and the phase-shift circuit, RgCl. The 
capacitive reactance of the capacitor is large 
compared with the resistance of the resistor; 
and the current, i, in this circuit leads the 
voltage, ep, across the circuit by approximately 
90 degrees. The voltage, ep, is the alternating 
component of the plate-to-ground voltage ap- 
pearing simultaneously across the reactance 
tube, the phase-shift circuit, and the oscillator 
tank. 

The coupling capacitor, C2, has relatively 
low capacitive reactance to the a-c component 
of current through it, and at the same time it 
blocks the d-c plate voltage from the phase-shift 
circuit and the tank. The reactance tube re- 
ceives its a-c grid-input voltage, eg, across Rg. 
This voltage is the IR drop across Rg and is in 
phase with plate current ip. This relation is 
characterisitic of amplifier tubes. 

Because eg is in phase with both i and ip 
and eg leads Cp by approximately 90°, both 
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Figure 10-13. — Frequency modulation with a 
reactance-tube modulator. 

i and ip lead ep by approximately 90 degrees. 
These relations are shown in the vector diagram 
in figure 10-13, B. Both i and i p are supplied 
by the oscillator tank circuit, and because both 
are leading currents with respect to the tank 
voltage, ep, they act like the current in tank 
capacitor C. Therefore, the EFFECT of these 
currents on the frequency of the tank is the 
same as though additional capacitance were con- 
nected in parallel with it. 

Consider now the effect of introducing an 
audio signal across Rfc. With zero audio volt- 
age, r-f plate current ip is a succession of 
rapid pulses of constant amplitude, and the 
oscillator tank operates at a constant fre- 
quency, called the NO-SIGNAL, or RESTING 
FREQUENCY. When the audio voltage rises 
with a polarity that swings the cathode negative 
with respect to the grid, the pulses of plate 
current gradually increase in amplitude. This 
leading r-f plate current is drawn through the 
oscillator tank and is equivalent to an increas- 
ing value of tank capacitance. Thus, the oscil- 
lator frequency is lowered. 

Conversely, when the audio signal swings 
the grid of the reactance tube negative with 
respect to the cathode, the r-f plate-current 
pulses gradually decrease in amplitude and 
the oscillator frequency increases. 
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The frequency of the a-f signal determines 
the number of times per second that the 
oscillator-tank frequency changes. On the other 
hand, the amplitude of the a-f signal determines 
the extent of the oscillatory-frequency change- 
that is, the deviation frequency. Thus, the 
reactance tube with its audio- signal input pro- 
duces an f-m output having the same character- 
istics as that of the capacitor microphone mod- 
ulator. 

Phase Modulation 

Any process that changes the instantaneous 
frequency of the r-f energy already generated 
at a constant frequency is referred to as angle, 
or phase-angle, modulation. All radio modulat- 
ing processes are based on changing the r-f 
carrier wave in some respect. The variation 
normally is directly proportional to the in- 
stantaneous value of the modulating voltage. 
When the instantaneous frequency of the carrier 
is varied in a direct relation to the modulating 
wave, the result is frequency modulation. If 
the instantaneous phase of the carrier is varied 
by an electrical angle directly proportional to 
the instantaneous modulating voltage, phase 
modulation is obtained. Varying the carrier 
frequency also changes the instantaneous phase 
relation of the carrier frequency to its own fixed 
unmodulated state. Likewise, varying the car- 
rier phase changes the carrier frequency. 

Thus, frequency modulation and phase modu- 
lation are basically the same. In fact, frequency 
modulation is equivalent to phase modulation in 
which the phase-angle variation is inversely 
proportional to the modulation frequency. An 
f-m signal is one in which the carrier devia- 
tion from the resting frequency is proportional 
to the amplitude of the modulating signal and is 
independent of the modulating frequency. A pure 
phase -modulated signal is one in which the 
carrier deviation is proportional to both the 
amplitude and frequency of the modulating signal. 

In all cases the carrier variation occurs at 
a rate of change equal to the frequency of the 
modulating wave. For example, a 1000-cpstone 
changes the carrier frequency plus and minus 
75 kc 1000 times per second in a broadcast 
f-m system at maximum modulation. 

A phase -modulation system is shown in the 
block diagram in figure 10-14. The transmitter 
oscillator is maintained at a constant frequency 
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Figure 10-14.— Block diagram of a phase- 
modulated f-m transmitter. 

by means of a quartz crystal. This constant- 
frequency signal passes through an amplifier 
that increases the amplitude, or energy level, 
of the wave. The audio signal is applied to the 
r-f carrier by means of a combining network. 
The output of the combining network is fed into 
a series of class-C amplifiers, the plate circuits 
of which are tuned to a multiple (doubling s 
indicated in this figure) of the frequency of the 
grid input. The output of these frequency mul- 
tipliers is fed to a power amplifier that couples 
the f-m signal to the antenna. 

A diagram of the combining network in which 
the phase shift is accomplished is shown in 
figure 10-15, A. The r-f and a-f voltages are 
applied across the grid-input voltage divider, 
which consists of R2, Rl, and R4. The triode 
plate load is a broadly tuned L-C tank. The 
r-f signal of constant frequency and amplitude 
appears across R2 as eg. As the instantaneous 
value of the audio signal varies through each 
audio cycle, the triode bias is increased and 
decreased at the a-f rate because of the a-f 
voltage that appears across resistors R4 and 
Rl. Consequently, the triode gain is varied in 
accordance with the a-f signal. (This circuit 
is similar to the one used in grid-bias ampli- 
tude modulation discussed earlier in this chapter 
(fig. 10-9) except that changes in amplitude of 
the carrier are not utilized; instead, changes 
in phase of the carrier are developed and 
utilized.) 

Now consider how this varying gain is trans- 
lated into phase shift. The instantaneous plate- 
load voltage, eo (fig. 10-15, B), is the resultant 
of two r-f voltages in the triode plate circuit. 
These two r-f voltages are (1) that portion of 
the grid- input signal that is coupled to the plate 
circuit by means of the grid-plate capacitance 
of the triode (this voltage is designated ei) and 
(2) the grid-input signal amplified in the triode 
plate by normal amplifier action (this voltage is 
designated e2). 
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Figure 10-15. — Phase -modulated network. 



The resultant of ei and e2 is indicated in 
the vector diagram as eo. In the same diagram, 
eg is the grid- input r-f signal. The triode- 
amplifier voltage, e2, is relatively low because 
of inverse feedback obtained by omitting the 
usual cathode-bypass capacitor across R3. 
Voltage ej leads eg and is of less amplitude 
than eg because the inter elect rode capacitive 
reactance acts in series with the plate load 
and causes a leading current to flow through 
it. The plate load is resonant at the oscillator 
frequency and hence acts as a pure resistance. 
Thus ei across the load is in phase with the 
leading current through the load and leads eg 
by some angle less than (90°) depending on the 
magnitude of the interelectrode capacitive re- 
actance and the plate-load resistance. 



At the time the audiofrequency swings the 
triode bias to the MAXIMUM the triode gain is 
a MINIMUM, and e2 is relatively small. For 
this condition e 0 leads e g by angle 0. The 
amplified voltage, e f 2, represents the condition 
existing when the a-f signal swings the triode 
bias to a minimum, and the tube gain is higher 
than before. Therefore, voltage e'2 is larger 
and combines with ei to produce the resultant 
plate -load voltage, e'o, which leads eg by angle 
9 + A0. The resultant voltage, e f 0 , undergoes a 
change in phase angle, A0, with respect to eg 
in accordance with the change in triode bias, 
gain and a-f instantaneous values. 

The difference in the angles 6 and 9'— that 
is, A 0-is the change in the PHASE-SHIFT 
ANGLE of e 0 , and is a factor of carrier swing. 
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When voltage variations, e 0 , e f 0 , and so forth, 
are applied to a tuned circuit, a smooth wave 
having both positive and negative alternations is 
formed as the result of the flywheel effect in the 
tank circuit. This wave has the same varying 
time interval between positive peaks as the ap- 
plied voltage variations, and therefore its fre- 
quency is shifted in accordance with the audio- 
modulation signal during the time the phase 
angle is changing. 

The variation in phase of the carrier output 
voltage, eo, with audio modulation is illustrated 
in figure 10-15, C. As the audio signal voltage 
varies the gain of the modulating stage from 
maximum to minimum, the carrier output volt- 
age is shifted in phase from leading to lagging 
the zero-signal position. 

On the positive half of the audio cycle, e 0 is 
advanced in phase ahead of the zero-signal 
position. The angle of lead is equivalent to a 
slight increase in frequency of e Q and a cor- 
responding decrease in the time for each carrier 
cycle as indicated at 1 compared with the time 
at 2. 

On the negative half cycle of the audio signal 
the carrier voltage lags in phase behind the 
zero- signal position. The lag is equivalent to 
a slight decrease in frequency of e 0 and a cor- 
responding increase in the time for each carrier 
cycle as indicated at 3 compared with the time 
at 2. 

The output voltage of the phase modulated 
carrier is fed through several frequency mul- 
tiplier stages and the output waveform then con- 
tains many more cycles as illustrated in the 
lower curve of the figure. Frequency multipli- 
cation increases the carrier frequency and the 
changes in the carrier as a result of modulation. 
Thus the frequency is increased to a higher 
value in the vicinity of 1' and decreased to a 
correspondingly lower value at 3' compared with 
the no-signal value at 2\ 

In a phase -modulation system such as the 
one being discussed the carrier shift is propor- 
tional to the product of the audio frequency and 
the phase-shift angle. It is therefore necessary 
to introduce an action that will prevent a signal 
that changes in audio frequency, but remains at 
constant amplitude, from influencing carrier 
swing. Otherwise low-frequency audio compo- 
nents would be underemphasizedatthe receiver. 
Only the AMPLITUDE of the modulating signal 
and NOT its instantaneous frequency should in- 



fluence the extent of the frequency swing of the 
carrier. This action may be accomplished by 
introducing a preemphasis circuit such as the 
one composed of R1C1 in figure 10-15, A. 

When the audio signal of constant amplitude 
is decreased from a high frequency to a lower 
frequency, the audio voltage across CI is in- 
creased in amplitude. Therefore, the tube-bias 
swing and the change in tube gain cause the 
normal amplifier component of output voltage 
to be increased from e' 2 to e"2. Carrier shift 
is proportional to the product of the audio 
frequency, faudio, and * he phase-shift angle, 
A0, as indicated in figure 10-15, B. Then an 
increase in the phase-shift angle from A 6 to 
AO 1 compensates for the decrease in audio- 
frequency, faudio. Thus, the product of faudio 
and SB remains constant, and the carrier swing 
is now independent of the audiofrequency. The 
output f-m signal from the phase -modulated 
transmitter is therefore similar to that of a 
frequency- modulated transmitter. Thus, an f-m 
receiver performs equally well on either output. 

DEMODULATION OF WAVES 

DEMODULATION, or DETECTION, is the 
process of recovering the intelligence from a 
modulated wave. When a radio carrier wave 
is amplitude -modulated, the intelligence is im- 
posed on the carrier in the form of amplitude 
variations of the carrier. The demodulator of 
an amplitude-modulated (a-m) wave produces 
currents or voltages that vary with the ampli- 
tude of the wave. Likewise, the frequency- 
modulation (f-m) detector and the phase- 
modulation (p-m) detector change the frequency 
variations of an f-m wave, and the equivalent 
phase variations of a p-m wave, into currents 
or voltages that vary in amplitude with the 
frequency or phase changes of the carrier. 

The instantaneous amplitude, e 0 , of the car- 
rier may be represented as 

e =E sin (2rrf t + 0), 
0 0 o 

where E 0 is the maximum amplitude of the 
original carrier, f 0 the frequency of the carrier, 
and 6 the phase angle (for a-m signals, 6 may 
be considered as zero). One or more of the 
independent variables (those on the right-hand 
side of the equation) may be made to vary in 
accordance with the modulating signal to produce 
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a variation in E 0 . However, the general practice 
is to vary only one of the values— Eo (for a-m), 
fo (for f-m), or d (for p-m)— and to prevent any 
variation in the others. 

The detector in the receiver must therefore 
be designed so that it will be sensitive to the 
type of modulation used at the transmitter, and 
insensitive to any other. 

Most Navy equipment is designed for ampli- 
tude modulation. A clear understanding of the 
mechanism of a-m detection is therefore very 
important. 

A-m modulators and demodulators are non- 
linear devices. A NONLINEAR DEVICE is one 
whose current- voltage relation is not a straight 
line. Because the ratio of current to voltage is 
not constant, the device has a nonlinear imped- 
ance—for example, one of the electron-tube de- 
tectors to be considered later— the average output 
current is the difference between each successive 
positive and negative swing of the output signal 
current, as shown in figure 10-16. The average 
output (signal component) follows the envelope of 
the incoming modulated wave more or less 
closely, depending on the shape of the nonlinear 
curve. Because the envelope of the incoming 
a-m wave contains the desired audio frequency, 
a nonlinear device demodulates the a-m wave. 
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Figure 10-16.— Results of impressing an a-m 
wave on a nonlinear device. 



For an understanding of the differences in 
the output frequencies of the various detectors 
it is necessary to examine the frequencies in- 
volved in both modulation and demodulation. 

COMPARISON OF AMPLITUDE 
MODULATION AND DEMODULATION 

If at the transmitter an r-f carrier and a 
single-frequency audio- modulating signal of sine 
waveform are impressed on a LINEAR device, 
the output waveform from the linear device will 
contain the same r-f and a-f signal frequencies. 
The tuned r-f amplifiers in the transmitter will 
amplify the r-f carrier, but will eliminate for 
all practical purposes the a-f component. Under 
these circumstances only the carrier will be 
radiated; and it will be ineffective in "carrying" 
the intelligence component. 

A very different result is obtained if an 
r-f carrier and a single-frequency audio- 
modulating signal of sine waveform are 
impressed on a NONLINEAR device. In this in- 
stance distortion is introduced and, as a result, 
additional frequencies are produced. In addition 
to the original frequencies, sum-and-difference 
frequencies are generated, and a zero-frequency, 
or d-c component, is added. The tuned circuits 
at the transmitter now respond to the carrier 
and the upper and lower sidebands; but, as 
before, the a-f modulating signal is discriminated 
against. However, this a-f component is re- 
placed, or generated, by the demodulator in the 
receiver. 

In the receiver the carrier and the two side- 
bands are impressed on a second nonlinear 
device called the DEMODULATOR. If the de- 
modulator has an IDEAL nonlinear curve it will 
distort the incoming waveform (the positive 
halves of the cycle will be different from the 
negative halves). Therefore, in addition to the 
r-f carrier and the two sidebands, the SIGNAL 
FREQUENCY (which is the difference between 
the upper sideband and the carrier or the dif- 
ference between the carrier and the lower side- 
band) and a zero-frequency (or d-c component) 
will be produced. As shown in chapter 14, 
the d-c component may be used for automatic 
volume control. 

If the demodulator used in the receiver does 
not have an ideal nonlineear curve, but has a 
PRACTICAL realizable curve such as the 
square-law curve, additional frequencies will 
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be produced. These frequencies will be har- 
monics of all frequencies present in the input. 
They are produced because input voltages having 
larger amplitudes are distorted differently from 
input voltages having smaller amplitudes. The 
r-f harmonics may be filtered in the output of 
the demodulator, but the a-f harmonics are not 
easily eliminated. 

Thus, modulation and demodulation are es- 
sentially the same in that the waveform is dis- 
torted in each case and new frequencies are 
produced. 

TYPES OF A-M DETECTORS 

Detectors are classified according to the 
shape of their current- voltage (characteristic) 
curve. If the curve is smooth, as in figure 
10-16, the detector is called a SQUARE-LAW 
DETECTOR. It is called a square-law detector 
because, for a first approximation, the output 
voltage is proportional to the square of the 
effective input voltage. 

If the current- voltage curve of the detector 
is shaped like an obtuse angle, as in figure 
10- 17, A the curve is still nonlinear because of 
the abrupt change in shape at the knee. Because 
the detector action takes place on the linear 
portions of the curve on both sides of the knee, 
this type of detector is called a LINEAR DETEC- 
TOR. It is called a linear detector merely to 
distinguish it from a square-law detector. 
Both the square-law detector and the linear 
detector are actually NONLINEAR devices. 

The rectified output voltage of a linear 
detector is proportional to the input voltage. 
The output of a square-law detector is propor- 
tional to the square of the input voltage. 

Detectors are also described as power de- 
tectors or as weak-signal detectors. If a de- 
tector is to handle r-f carrier voltages having 
amplitudes greater than approximately 1 volt 
it is called a POWER DETECTOR. If the input 
signal strength is less than this amount the 
detector is called a WEAK-SIGNAL DETECTOR. 
Thus, the approximate value of 1 volt is the 
dividing line between the two detectors. Because 
a linear detector cannot be obtained with a sharp 
discontinuity (angle) at the knee, weak signals 
are always detected on a curved portion of the 
characteristic, as shown in figure 10-17,B. 
Thus, weak-signal detectors are always of the 
square-law type. Power detectors maybe either 
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Figure 10-17.— Linear detectors. 

linear or square -law, depending on the appli- 
cation. 

DIODE DETECTOR 

The diode detector (fig. 10- 18, A) is one of 
the simplest and most widely used detectors, 
and has nearly an ideal resistance character- 
istic. Diodes have a point of sharp transition 
between the conducting (forward) and noncon- 
ducting (reverse) directions and therefore make 
good detectors. 

Early radio receivers used a crystal detector 
that was made of galena, a mineral compound of 
sulfur and lead. The end of a short length of 
fine wire touched the surface of the crystal and 
was held against it by the pressure of a spring. 
The wire could be adjusted manually. When the 
operator found a sensitive spot the crystal 
rectified the signal and the operator heard the 
signal in his earphones. 

Later applications of the crystal detector 
are found in radar and television. In these 



Chapter 10- MODULATION AND DEMODULATION 



i 




A DIODE CIRCUIT % i p -e p CHARACTERISTIC FOR ELECTRON TUBE 



A-F R-F 




Q VOLTAGE INPUT WAVEFORM 



R-C TIME CONSTANT DESIREO 




TIME TIME 

VOLTAGE OUTPUT WAVEFORM F WAVEFORMS SHOWING EFFECT OF 

WHEN FILTER C2 IS ADDED TOO LARGE A TIME CONSTANT 20.1 



Figure 10-18. — Diode detector and waveforms. 



applications the crystal diode is of a different 
form than the older type. It comprises a small 
crystal with a fine wire point contact bearing 
on the crystal surface. The components are 



contained in a sealed ceramic cartridge. A 
germanium crystal diode is described in chap- 
ter 2 (fig. 2-12) of this training course. The 
advantage of the crystal diode as a rectifier 
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of high frequency signals is the relatively low 
shunting capacitance between the crystal and 
the point contact, compared with the interelec- 
trode capacitance between the plate and cathode 
of the electron tube diode. 

The slight bend in the lower portion of the 
ip-ep characteristic curve for the electron 
tube diode (fig. 10-18, B) results from contact 
potential. 

Contact potential is the potential difference 
existing between the surfaces of metals of dif- 
ferent electron affinities that are in direct 
contact or are connected by means of an ex- 
ternal circuit. This is true of the metal elements 
of electron tubes; and the voltages developed 
may be of the order of 1 volt or more. In 
the case of the diode, contact potential keeps 
the plate current from decreasing to zero 
when the plate voltage approaches zero. The 
current, however, is very slight, and the 
characteristic curve is generally shown as 
zero when the applied voltage is zero. Never- 
theless, on low signal voltage, plate current 
does not increase as rapidly as it does after 
the contact potential has been exceeded. 

Because the diode characteristic is nearly 
straight on both sides of the knee, the diode 
detector is a linear detector. However, with 
weak signals, the output of the detector follows 
the square law because weak signals force the 
operation to take place on the lower, curved 
portion of the characteristic curve (fig. 10-18.B). 
Because the diode detector normally handles 
large input signals with minimum distortion, it 
is classified as a power detector. 

The modulated signal voltage ( fig. 10-18,C) 
is developed across the tuned circuit. L2C1, of 
the detector stage. Signal current flows through 
the diode only when the plate is positive with 
respect to the cathode— that is, only on the 
positive half cycles of the r-f voltage wave. 

The rectified signal flowing through the 
diode (fig. 10-18,D) actually consists of a 
series of r-f pulses and not a smooth outline 
or envelope. The average of these pulses, with 
little or no filtering, does increase and de- 
crease at the a-f rate, as shown by the dotted 
line. Therefore, there is an audio voltage 
output even if no filtering is employed. However, 
some stray capacitance exists, and consequently 
some r-f filtering takes place. 

If a capacitor (C2 in figure 10- 18. A) of the 
proper size is used as a filter, the output voltage 



of the detector is increased and more nearly 
follows the envelope. On the first quarter cycle 
of applied r-f voltage, C2 charges up to nearly 
the peak value of the r-f voltage (point A in 
figure 10-18,E). The small voltage drop in the 
tube prevents C2 from charging up completely. 
Then as the applied r-f voltage falls below its 
peak value, some of the charge on C2 leaks 
through R, and the voltage across R drops only 
a slight amount to point B. When the r-f voltage 
applied to the plate on the next cycle exceeds 
the potential at which the capacitor holds the 
cathode (point B), diode current again flows 
and the capacitor charges up to almost the 
peak value of the second positive half cycle at 
point C. 

Thus the voltage across the capacitor follows 
very nearly the peak value of the applied r-f 
voltage and reproduces the a-f modulation. 
The detector output, after rectification and filter- 
ing, is a d-c voltage that varies at an audio 
rate, as shown by the solid line in figure 10-18.E. 
The curve of the output voltage across the 
capacitor is shown somewhat jagged. Actually, 
the r-f component of this voltage is negligible 
and, after amplification, the speech or music 
originating at the transmitter is faithfully re- 
produced. 

The correct choice of R and C2 (fig. 10- 18, A) 
in the diode-detector circuit is very important 
if maximum sensitivity and fidelity are to be 
obtained. The load resistor, R, and the plate 
resistance of the diode act as a voltage divider 
to the received signal. Therefore, the load 
resistance should be high compared with the 
plate resistance of the diode so that maximum 
output voltage will be obtained. The value of 
C2 should be such that the RC time constant 
is long compared with the time of one r-f cycle. 
This is necessary because the capacitor must 
maintain the voltage across the load resistor 
during the time when there is no plate current. 
Also, the RC time constant must be short com-' 
pared with the time of one a-f cycle in order that 
the capacitor voltage can follow the modulation 
envelope. 

The values of R and C2 therefore place a 
limit on the highest modulation (audio) frequency 
that can be detected. Figure 10- 18, F, shows the 
type of distortion that occurs when the RC time 
constant is too large. At the higher modulation 
frequencies the capacitor does not discharge as 
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rapidly as required, and negative peak clipping 
of the audio signal results. 

The efficiency of rectification in a diode is 
the ratio of the peak voltage appearing across 
the load to the peak input signal voltage. The 
efficiency increases with the size of R compared 
with the diode plate resistance, because R and 
the diode are in series across the input circuit 
and their voltages divide in proportion to their 
resistance. With audio frequencies, a large 
value of R may be used (of the order of 
100,000 ohms), and consequently the efficiency 
is relatively high (95%). When high modulation 
frequencies, such as those used in television, 
are necessary the value of R must be reduced 
to keep the RC time constant low enough to 
follow the envelope. Consequently the efficiency 
is reduced. 

The diode detector can handle large signals 
without overloading, and it can provide 



automatic-volume-control voltage without extra 
tubes or special circuits. However, it has the 
disadvantage of drawing power from the input 
tuned circuit because the diode and its load form 
a low-impedance shunt across the circuit. 

Consequently, the circuit Q, the sensitivity, 
and the selectivity are reduced. The interelec- 
trode capacitance of the diode detector limits 
its usefulness at high carrier frequencies, and 
the bend in the lower portion of current-voltage 
characteristic indicates that it distorts on 
weak signals. Therefore considerable amplifi- 
cation is needed before detection. 

GRID-LEAK DETECTOR 

The grid-leak detector functions like a diode 
detector combined with a triode amplifier. 
It is convenient to consider detection and ampli- 
fication as two separate functions. In figure 
10- 19, A, the grid functions as the diode plate. 
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Figure 10-19.— Grid-leak detector and waveforms. 
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The values of Cd and Rd must be so chosen 
that Cd charges during the positive peaks of the 
incoming signal and discharges during the nega- 
tive peaks. The time constant of RdCd should 
be long with respect to the r-f cycle and short 
with respect to the a-f cycle. 

An approximate analysis of the waveforms 
existing in the diode (grid) circuit is shown in 
figure 10-19, B. Part® shows the input wave- 
form which is also the waveform in the input 
tuned circuit. Because r-f current ig flows in 
only one direction in the grid circuit, part© 
shows a rectified current waveform in this 
circuit. Part (3) shows the waveform developed 
across Cd. This audio waveform is produced 
in the same way as the audio waveform in the 
diode detector. However, the waveform shown 
in part (D is not the output voltage. In the grid- 
leak detector the waveform produced across 
Cd is combined in series with the r-f wave- 
form in the tuned circuit to produce the grid- 
to-cathode waveform shown in part®. 

An approximate analysis of the waveforms 
existing in the triode plate circuit is shown 
in figure 10-19,C. Part (5) is the plate-current 
waveform, and part (6) is the plate-voltage wave- 
form. 

Capacitor C discharges on the positive half 
cycles of grid input voltage (points 1, 3, 5, 7, 

9, 11, 13, and so forth). The discharge path 
is clockwise through the circuit including the 
tube and capacitor. The time constant of the 
discharge path is the product of the effective 
tube resistance and the capacitance of capac- 
itor C, and this time constant is short because 
the effective tube resistance is low. The in- 
crease in plate current is supplied by the 
capacitor rather than the B supply, thus pre- 
venting any further increase in current through 
the r-f choke and plate load resistor Rl. 
Therefore, any further change In plate and 
capacitor voltage is limited. 

Capacitor C charges up as plate voltage 
rises on the negative half cycles of r-f grid 
input voltage (fig. 10-19,C, points 2, 4, 6, 8, 

10, 12, 14, and so forth). The charging path 
is clockwise through the circuit containing the 
capacitor, r-f choke, load resistor Rl, and the 
B supply. The rise in plate voltage is limited 
by the capacitor charging current which flows 
through the r-f choke and through Rl. The 
plate current decrease is approximately equal 
to the capacitor charging current; thus the 



total current through the r-f choke and Rl 
remains nearly constant, and the plate and 
capacitor voltage rise Is checked. 

Positive grid swings cause sufficient grid 
current flow to produce grid- leak bias. Low 
plate voltage limits the plate current on no 
signal in the absence of grid bias. Thus, the 
amplitude of the input signal is limited, since 
with low plate voltage the cutoff bias is low, 
and that portion of the input signal that drives 
the grid voltage below cutoff is lost. The wave- 
form of the voltage across capacitor C is shown 
by the solid line in part ©of figure 10-19, C. 
The plate voltage ripple is removed by the 
r-f choke (RFC). Part ® shows the output- 
voltage waveform. This waveform is the dif- 
ference between the voltage at the junction of 
Rl and RFC with respect to the negative ter- 
minal of Eb and the voltage across coupling 
capacitor C c , which for most practical purposes 
is a pure d-c voltage. 

Because the operation of the grid-leak detec- 
tor depends on a certain amount of grid-current 
flow, a loading effect is produced which lowers 
the selectivity of the input circuit. However, the 
sensitivity of the grid-leak detector is moder- 
ately high on low-amplitude signals. 



PLATE DETECTOR 

In a GRID-LEAK DETECTOR the incoming 
r-f signal is detected in the grid circuit and the 
resultant a-f signal is amplified in the plate 
circuit. In a PLATE DETECTOR, the r-f signal 
is first amplified in the plate circuit, and then 
it is detected in the same circuit. 

A plate detector circuit is shown in figure 
10- 20, A. The cathode bias resistor, Rl, is 
chosen so that the grid bias is approximately 
at cutoff during the time that an input signal 
of proper strength is applied. Plate current 
then flows only on the positive swings of grid 
voltage, during which time average plate cur- 
rent increases. The peak value of the a-c 
input signal is limited to slightly less than the 
cutoff bias to prevent driving the grid voltage 
positive on the positive half cycles of the in- 
put signal. Thus, no grid current flows at any 
time in the input cycle, and the detector does not 
load the input tuned circuit, LCI. 

Cathode bypass capacitor C2 is large enough 
to hold the voltage across Rl steady at the lowest 
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Figure 10-20.— Plate detector and waveforms. 



audiofrequency to be detected in the plate cir- 
cuit. C3 is the demodulation capacitor across 
which the a-f component is developed. R2 is 
the plate load resistor, Thr r-f choke blocks 
the r-f component from the output. R2C3 has 
a long time constant with respect to the time 
for one r-f cycle so that C3 resists any volt- 
ate change which occurs at the r-f rate. R2C3 
has a short time constant with respect to the 
time for one a-f cycle so that the capacitor 
is capable of charging and discharging at the 
audio rate. 

The action of the plate detector may be 
demonstrated by the use of the i p -eg curve in 
figure 10-20, B. On the positive half cycle of 
r-f input signal (point 1) the plate voltage 
falls below the B supply because of the in- 
creased d^op across R2 and the r-f choke. 
Capacitor C3 discharges. The discharge cur- 
rent flows clockwise through the circuit in- 
cluding the tube and C3. Plate current is sup- 
plied by C3 rather than the B supply. The drop 
across R2 and the r-f choke is limited, and the 
decrease in plate voltage is slight. 



On the negative half cycle of r-f input 
signal (point 2) plate current is cut off and 
plate voltage rises. Capacitor C3 charges. 
The charging current flows clockwise around 
the circuit including the r-f choke, R2, and the 
B supply. The drop across R2 and the r-f choke 
contributed by the charging current of C3 checks 
the rise in plate voltage. 

Thus, C3 resists voltage change at the r~f 
rate. Because C3R2 has a short time constant 
with respect to the lowest a-f signal, the 
voltage across C3 varies at the a-f rate. 

The plate detector has excellent selectivity. 
Its sensitivity (ratio of a-f output to r-f in- 
put) is also greater than that of the diode 
detector. However, it is inferior to the diode 
detector in that it is unable to handle strong 
signals without overloading. Another disad- 
vantage is that the operating bias will vary with 
the strength of the incoming signal and thus 
cause distortion unless a means is provided to 
maintain the signal input at a constant level. 
Thus, a-v-c or manual r-f gain control circuits 
usually precede the detector. 

REGENERATIVE DETECTOR 

When high sensitivity and selectivity are 
the most important factors to be considered, a 
regenerative detector may be used. However, 
the linearity as well as the ability to handle 
strong signals without overloading is very poor. 

The process of feeding some of the output 
voltage of an electron-tube circuit back into the 
input circuit so that it adds to or reinforces 
(is in phase with) the input voltage is known 
as REGENERATION or POSITIVE FEEDBACK. 
The use of regeneration in a circuit greatly 
increases the amplification of the circuit because 
the output voltage fed back into the input circuit 
adds to the original input voltage, thus in- 
creasing the total voltage to be amplified by 
the tube. 

A grid-leak detector may be modified to 
operate as a regenerative detector, as indicated 
in figure 10-21. Because an amplified r-f com- 
ponent is present in the plate circuit of the 
grid-leak detector, regeneration can be obtained 
by connecting a coil, L2, known as a TICKLER 
COIL, in series with the plate circuit so that 
it is inductively coupled to the grid coil, L3. 

With an r-f signal across L3 an r-f compo- 
nent of plate current flows through L2. L2 is 
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Figure 10-21. — Regenerative detector. 

connected so that the voltage it induces in L3 
is in phase with the incoming signal voltage 
applied to the grid. Thus, the voltage gain of 
the stage is increased. 

It is important that the voltage fed back 
by the ticker coil be in phase with the incoming 
signal voltage. Otherwise the feedback will be 
degenerative and the amplification will be re- 
duced. Furthermore, if the coupling between 
L2 and L3 is too great, oscillation will take 
place. For receiving code signals, oscillation 
is desirable in order to produce an audible beat 
tone. However, it is not desirable for voice 
or music reception because of the objectionable 
squeal from the beat tone. The regenerative 
detector is the most sensitive triode detector 
circuit possible when it is operated just below 
the point of oscillation. 

A comparison of the sensitivity (ratio of 
a-f output to r-f input), linearity (accuracy of 
reproduction of the waveform of the modulation 
component), selectivity (ability to separate sig- 
nals), and relative ability of the various detec- 
tors to handle large signals without overloading 
is given in table 10-1. 

HETERODYNE DETECTOR 

The process of combining two frequencies 
to obtain the difference frequency is called 
HETERODYNING. The heterodyne principle 



has a number of important Navy applications. 
It is used in heterodyne code reception to change 
continuous-wave (c-w) telegraph signals to an 
audio-frequency. It is widely used in super- 
heterodyne receivers to change the carrier fre- 
quency to the fixed intermediate frequency. 
Heterodyne action is also employed to separate 
frequencies that differ from one another by small 
amounts. 

If two a-c signals of different frequencies are 
combined, or mixed, in a suitable circuit, 
a third signal, called a BEAT FREQUENCY, will 
be produced. The frequency of the beat is equal 
to the difference between the frequencies that are 
mixed to produce it. 

Thus, if two a-f voltages having frequencies 
of 500 and 600 cps are properly mixed, a beat 
frequency of 100 cps will be produced by a 
suitable reproducer. 

If two r-f signals differing in frequency 
by an audible frequency are mixed, an a-f volt- 
age will be produced. Thus, if two r-f voltages 
having frequencies of 500 and 501 kc 
are properly mixed, a beat frequency of 1 kc 
will be produced. 

An important application of this principle 
is in the detection of c-w signals. In c-w trans- 
mission the unmodulated carrier is keyed, or 
interrupted, according to the code that is being 
transmitted. Because no modulation component 
is present in the transmitted energy, the detec- 
tors previously considered are not effective in 
detecting the signal. At best, there may be some 
noise or sound variation in the reproducer at the 

beginning and end of each interruption, but recep- 
tion will be unsatisfactory. In order to receive 
c-w signals from a radiotelegraph transmitter it 
is therefore necessary to mix with the incoming 
signal another locally generated signal that dif- 
fers in frequency from the incoming signal by 
some frequency in the audible range. 



Table 10-1. — Comparison of A-m Detectors 



Detector type 


Sensitivity 


Linearity 


Selectivity 


Ability to 
handle strong 
signals without 
o ve r loading 


Diode 


Low 






High 




High 




. . . .do. . . . 


Limited 


Plate 


Medium .... 




Excellent . . . 


Medium 


Regenerative . . . 


Very high. . . 




. . . .do. . . . 


Poor 
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One method of producing an audible beat 
tone is by the use of an oscillating regenerative- 
detector circuit. If the regeneration, or posi- 
tive feedback, in a regenerative detector is 
increased beyond a certain critical point, the 
circuit will oscillate at a frequency approxi- 
mately equal to the frequency of the tuned cir- 
cuit. Thus, if the regenerative detector is made 
an oscillating detector, and is tuned so that the 
frequency it generates differs from the incoming 
r-f signal frequency by an audible amount, it is 
possible to detect unmodulated r-f signals. This 
process is known as heterodyning, and an oscil- 
lating detector is called a HETERODYNE DE- 
TECTOR. A brief analysis of the heterodyne 
principle is included under superheterodyne 
receivers in chapter 14. 

Many communication receivers are equipped 
to receive both a-m signals and c-w signals. 
These receivers are commonly designed with an 
oscillator, called the BE AT- FREQUENCY 
OSCILLATOR (BFO), coupled to the plate cir- 
cuit of the diode detector. The beat-frequency 
oscillator is then tuned to a frequency that dif- 
fers from the intermediate-frequency by the 
desired audiofrequency. In t-r-f receivers, 
the local oscillator must differ from the in- 
coming signal by the desired audiofrequency. 

The first detector, or frequency converter, 
of superheterodyne receivers is a heterodyne 
detector. In this instance there is a modulation 
component, but it is desirable to reduce the 
carrier frequency to a new, lower frequency, 
called the INTERMEDIATE FREQUENCY. 
Therefore, the incoming signal is mixed with 
a locally generated signal to produce a fre- 
quency that is the difference between the two 
signals. The modulation envelope is not ap- 
preciably affected fry the heterodyne action. 

DEMODULATION OF F-M WAVES 

In f-m transmission the intelligence to be 
transmitted causes a variation in the instantane- 
ous frequency of the carrier either above or 
below the center, or resting, frequency. The 
detecting device must therefore be so constructed 
that its output will vary linearly according to 
the instantaneous frequency of the incoming 
signal. Also, the detecting device must be 
insensitive to amplitude variation produced by 
interference or by receiver nonlinearities; thus 
a special limiting device, called a LIMITER, 
must precede the f-m detector. 



TYPES OF F-M DETECTORS 

A number of f-m detectors might be used. 
Each has certain inherent advantages and dis- 
advantages. Two of the most common are the 
DISCRIMINATOR and the RATIO DETECTOR. 
There are also various types of LOCKED- 
OSCILLATOR f-m detectors. The simplest 
type of detector is the SLOPE detector. 
Although it is rarely used, this type of f-m 
detector will be considered first, because of 
its simplicity. 

Slope Detector 

Even an a-m receiver may give a distorted 
reproduction of an f-m signal under certain 
conditions of operation. When the carrier 
frequency of the, f-m signal falls on the sloping 
side of the r-f response curve in an a-m re- 
ceiver, the frequency variations of the carrier 
signal are converted into equivalent amplitude 
variations. This conversion results from the 
unequal response above and below the carrier 
center frequency (point B), as shown in figure 
10-22. 

Thus, when the incoming f-m signal is less 
than the center frequency— for example, at 
point A, which is the minimum value— the 
output voltage is at a minimum in the nega- 
tive direction. When the incoming signal swings 
to point C (the maximum value), the output 
voltage is maximum in the positive direction. 
The resultant a-m signal may be coupled to 
the regular a-m detector where the original 
audio voltage is recovered. 
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The obvious disadvantage of this type of 
detection is the nonlinearity of the response 
curve. At best, the most linear portion of 
the curve has a limited frequency range. Con- 
sequently the undistorted output voltage is low. 

If in figure 10-22 the center frequency falls 
at point D and the maximum frequency swings 
are between points C and E, there is no ef- 
fective output signal voltage because the curve 
is relatively flat. 

Discriminator 

One form of discriminator is shown in figure 
10-23. It must be preceded by one or more 
limiter stages (discussed in chapter 14) because 
this type of f-m detector is sensitive to both 
amplitude changes and frequency changes. Bas- 
ically, what is wanted is an output voltage, e\Q, 
that varies in amplitude according to the instan- 
taneous frequency of the incoming signal. Am- 
plitude variations therefore must be removed 
ahead of the discriminator to keep their in- 
stantaneous values from adding to those values 
produced by the instantaneous frequency changes. 

The input voltage, ej, is applied across the 
input tuned circuit. The current, ij, lags 
ei by 90 degrees. The mutually induced volt- 
age, e2, lags ii by 90 degrees. Thus, e2 is 
180° out of phase with ej, as shown in part ® 
of figure 10-23, B. 

Inductor L4 is shunted across the input 
tuned circuit via C2 and C5, which have negli- 
gible reactance at the resonant frequency. Thus 
ei is also applied across L4. 

Assume first that the incoming signal is at 
the resting frequency. The induced current, 
i2, is in phase withe2, as shown in parts (2) and 
(3) of figure 10-23, B. The voltages e 3 and e 4 
are the iXL drops across L2 and L3 respectively. 
From figure 10-23,A, and part(§)of 10-23, B, 
it may be seen that e6, the voltage applied to 
VI is the vectorial sum of ei and e3; and e7, 
the voltage applied to V2, is the vectorial sum 
of ej and The rectified output voltage of 
VI is e8 and that of V2 is eg. The output volt-, 
age, eio« is the algebraic sum of e8 and eg. In 
part (3) of figure 10-23, B, eg and e7 are equal 
because the incoming signal is at the resting 
frequency. Therefore e8 is equal to eg; and 
since they are in opposite directions, the out- 
put voltage is zero. 



Below the resting frequency i2 leads e2 be- 
cause Xc is greater than Xl» Voltages e3 and 
e4 are still in phase opposition, but each is 
90° out of phase with i2» as shown in figure 
10-22, C. Therefore, e7 ijs greater than e6, and 
eg is greater than es. Point A becomes negative 
with respect to ground, thus producing an out- 
put signal voltage. 

Above the resting frequency, i2 lags e2 be- 
cause Xl is greater than Xc. Voltages e3 and 
e4 bear the same phase relation with each 
other and with i2 as they did for each of the 
above conditions. However, from figure 10-23, 
D, eg is now greater than e7. Therefore, 
eg is greater than eg, and point A becomes 
positive with respect to ground, thus producing 
the other half of the audio signal-voltage wave- 
form. 

Ratio Detector 

One form of the ratio detector is shown in 
figure 10-24, A. It differs from the discrim- 
inator in figure 10-23, A in that the diodes are 
connected in series across the transformer 
secondary; whereas each diode plate in the 
discriminator is connected to opposite ends of 
the transformer. There are differences also 
in the method of obtaining the output voltage 
and in the amount of limiting preceding the 
detector. However, the vector analysis is 
essentially the same in both circuits. 

The induced voltage, e2, is 180° out of phase 
with ei, as indicated by the vector diagrams in 
figure 10-24. At resonance (fig. 10-24, B), i2 
is in phase with e2, as in all tuned circuits. 
Voltages e3 and e4, developed by the i2^L2 and 
i2 x L3 voltage drops respectively, are 180° out 
of phase with each other and 90° out of phase 
with i2. This out-of-phase relation holds true 
at resonance as well as below or above reso- 
nance. 

From figure 10-24, B, es, the a-c voltage 
applied across VI, is the vector sum of ei 
(coupled through C3 bejween the center tap 
and ground) and e3. Also, e6, the voltage 
applied across V2, is the vector sum of ei 
and e4. At resonance, e5 and e6 are equal. 

The angle of current flow through VI and 
V2 may be of the order of 40° or less. In 
figure 10-24, B, vector e5 leads e6 by ap- 
proximately 50°. Thus VI will conduct for 
40 and be cut off for 10° of the input cycle 
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DISCRIMINATOR CIRCUIT 
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(l-F CENTER FREQUENCY) (l-F CENTER FREQUENCY) 
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Figure 10-23.— Discriminator circuit and vector diagram. 
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Figure 10-24. — Ratio detector and vector diagrams. 
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before V2 begins conduction. The current 
path of VI is from C to A, B, L4, L2, VI 
and back to C. The current path of V2 is 
from D to V2, L3, L4, B, A, and back to D. 
Hence r-f rectified current flow via VI from A 
to B and via V2 from B to A. Without capac- 
itors C6 and C7 the r-f voltage developed across 
R3 as a result of these current is small because 
of RF choke L4 in series with R3. 

However, C6 and C7 will charge to d-c volt- 
ages e8 and e9 respectively, and will keep the 
voltage across R3 at the average of these two 
currents which is zero at the rest (resonant) 
frequency. In other words when VI conducts, 
the path for current is via C6 instead of Rl 
and R3. When V2 conducts, the path for cur- 
rent is via C7 instead of R2 and R3. During the 
interval when neither diode is conducting, C6 
and C7 will discharge only slightly. Thus 
the output voltage e7 across R3 is zero at the 



rest (resonant) frequency because the VI and V2 
currents are equal. 

Below resonance (fig. 10-24, C) i2 leads e2 
because Xq is greater than Xl. Therefore. 
e6, the vector sum of el and e4, is greater 
than e5, the vector sum of el and e3. The 
current paths are the same as previously stated 
but because e6 is greater than es the current 
through V2 is greater than through VI. Thus 
the current through R3 from B to A (V2 con- 
ducting) will be greater than from A to B (VI 
conducting). Point B therefore swings negative 
with respect to point A to develop the audio out- 
put voltage e7. 

Above resonance (fig. 10-24,D), i2 lags e2 be- 
cause Xl is greater than Xq. Therefore, e5 
is greater than e6. The current through VI 
exceeds the current through V2. The current 
through R3 from A to B is greater than from 
B to A and the potential at point B swings 
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positive with respect to point A. Thus the 
other half of the audio output cycle appears 
across R3. 

If there Is a sudden undesirable increase in 
amplitude of the input to the ratio detector due 
to noise, static, and so forth, capacitor C8 
having a large capacitance will resist any change 
in amplitude of voltage across terminals CD. 



Because of the low impedance of the capacitor, 
C8 will effectively "absorb" all but very low 
frequency amplitude variations. 

Although the ratio detector requires fewer 
i-f amplifier stages and minimum limiting, it 
presents alignment difficulties, and the signal 
may be distorted at high input voltages if some 
form of limiting is not applied. 
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CHAPTER 11 

TRANSMITTERS 



INTRODUCTION 

A transmitter is a device for converting 
intelligence, such as voice or code, into elec- 
trical impulses for transmission either on closed 
lines, or through space from a radiating antenna. 
Transmitters take many forms, have varying 
degrees of complexity, develop various levels 
of power, and employ numerous methods of 
sending the desired information or energy 
component from one point to another. 

A telephone handset has both a transmitter 
and a receiver section. The transmitter section 
converts the human voice into electrical impulses 
that may be amplified and conveyed along the 
closed telephone line to the receiving station. 

Radar transmitters develop bursts of energy 
of the required frequency and duration and 
radiate this energy in the direction in which 
the antenna is pointing. The echo may be 
utilized to give such information as range 
and bearing. The tremendous energy radiated 
by some radar sets is made possible because 
of the relatively long resting time between 
pulses of energy. Radar will be treated briefly 
in chapter 15. 

Loran transmitters are especially con- 
structed for use in navigation. The principle 
of loran is based on the difference in time 
required for pulse radio signals to arrive 
at a point from a pair of synchronized trans- 
mitters. These transmitters operate on low 
frequencies, are accurately synchronized, and 
develop considerable power because they are 
transmitting only a small fraction of the time. 
Loran transmitters, as well as sonar and other 
transmitters, are treated in the rating texts. 

In this chapter the discussion is confined 
to radio transmitters: however, many of the 
principles involved in this discussion apply 
in general to other basic electronic transmitters. 

The function of a radio transmitter is to 
supply power to an antenna at a definite radio 
frequency and to convey intelligence by means 



of the radiated signal. Radio transmitters 
radiate waves of two general types. 

One type of radiation is the CONTINUOUS 
wave (c-w), or UNMODULATED WAVE, which 
has a waveform like that of the r-f current 
in the tuned tank circuit of a power output 
stage. In this type of wave the peaks of all 
the waves are equal, and they are evenly 
spaced along the time axis. The waveform is 
sinusoidal. 

The other type of radio wave is the 
MODULATED WAVE. The amplitude may be 
modulated by means of a signal of constant 
frequency, as in MODULATED- CONTINUOUS- 
WAVE (m-c-w) telegraphy. Likewise, the 
amplitude may be modulated by means of speech, 
music, and so forth; and in this case is called 
AMPLITUDE MODULATION (a-m). If the fre- 
quency of the wave is varied with time it is 
called FREQUENCY MODULATION (f-m). 

A given transmitter operated on c-w has a 
greater range than the same transmitter (for 
the same power output) operated on m-c-w or 
voice modulation. This condition results from 
the fact that all the intelligence is contained 
in the side bands (treated in ch. 10), and the 
fewer the number of side-band frequencies the 
greater will be the signal strength in the 
remaining side-band frequencies. In c-w oper- 
ation the side bands do not extend very far on 
each side of the carrier, and all of the energy 
is therefore contained in a narrow band and 
not wasted in nonessential bands. 

On m-c-w the side bands are necessarily 
wider, and more energy is needed to supply 
the side bands; that is, each side band contains 
proportionately less energy. In order to get 
the same signal level (at the required band- 
width) to a receiver, the transmitter must 
increase its output power over what it would be 
if c-w were used. 

When voice modulation is used, the necessary 
side bands are increased over those needed 
for m-c-w. Each side band requires a certain 
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amount of energy, and therefore, in order to 
keep the energy level of all the essential side 
bands up to the required level at the receiver 
the transmitter must deliver more energy 
than for m-c-w. 

Navy transmitters operate on very- low- 
frequency (v-l-f), low- frequency (1-f), medium- 
frequency (m-f), and high-frequency (h-f) bands 
as well as on very-high-frequency (v-h-f) and 
ultrahigh frequency (u-h-f) bands. 

The VERY- LOW- FREQUENCY BAND, from 
10 to 30 kilocycles, is not covered by ship- 
board transmitters. The antennas needed for 
such low frequencies are too long to be 
erected aboard a ship. However, there are 
some v-l-f stations on shore. One of the 
frequencies of the Primary Fleet Broadcast, 
NSS, is in the very-low-frequency band. Pow- 
erful v-l-f stations with their huge antennas 
are capable of transmitting signals through 
magnetic storms that blank out the higher 
radio-frequency channels. 

The LOW- FREQUENCY BAND, from 30 to 
300 kc, is used mostly for long-range direction 
finding. This band provides, however, a means 
of reliable medium- and long-range communi- 
cation. Useful amounts of radiation can be 
produced in this band with shipboard antennas. 
The frequencies in the low- frequency band 
do not depend on sky waves and provide stable 
communication with little variation from season 
to season. 

The area that may be covered by the 
MEDIUM- FREQUENCY BAND, extending from 
300 to 3000 kc, depends on the ground wave. 
Sky-wave reception of medium- frequency waves 
is also possible. (Propagation is treated in 
chapter 13.) At the upper end of this band the 
ionosphere has a great effect on the sky waves. 
Relatively long distances can be covered by 
using this band if the correct frequency is used 
at the correct time. The international distress 
frequency, 500 kc, is in this band. Commercial 
broadcast stations as well as Navy stations 
operate in this band. 

The HIGH-FREQUENCY BAND is also used 
by the Navy. This band includes the frequencies 
between 3 and 30 megacycles. The sky wave 
is increasingly important in this band, and 
long-range communication is possible. Propa- 
gation characteristics of waves in the h-f band 
change with the time of day and the season. 
The choice of frequency depends on the variables 



in the ionosphere. For long-range commu- 
nications either the h-f band or the upper part 
of the m-f band may be employed, depending 
mostly on the time of day. 

Single side band (ssb) communications are 
becoming increasingly important in Navy com- 
munications. If one of the two sidebands in 
double sideband (dsb) transmission is filtered 
out before it reaches the transmitter power 
amplifier, the intelligence can be transmitted 
on the remaining single sideband. All of the 
power is then transmitted on one sideband 
rather than being divided between the carrier 
and the two sidebands as in dsb transmissions. 

Thus, theoretically, a radiated power of 50 
watts at the ssb transmitter is equivalent to 
a radiated power of 150 watts at the dsb 
transmitter (100 watts carrier power and 50 
watts combined upper and lower sideband power). 

The AN/URC-32 transceiver is designed 
primarily for single sideband transmission or 
reception on either the upper or lower sideband 
or on both sidebands simultaneously with 
separate channels for each sideband. In addition 
to ssb operation it can be used for cw and a-m 
radio telephone transmission in the 2-30 mc 
range. 

The very-high-frequency (v-h-f) band extends 
from 30 to 300 mc. The portion from 225 to 
300 mc (called UHF by the Navy) is used 
extensively by both surface and air units for 
communications purposes. The older TDQ 
transmitter has been replaced largely by the 
AN/URT-7 (115-156 mc range). The latter is 
used for short range communications by surface 
ships not yet converted to u-h-f equipment. 
It is similar in size and appearance to the 
Navy model TED u-h-f transmitter. Portions 
of the v-h-f band, however, are used for 
airborne communications. 

The v-h-f band is used with early warning 
radar, television, and f-m broadcasting stations. 

The ultra high frequency (u-h-f) band includes 
the frequencies between 300 and 3000 mc. 
The low end of this band is used for communi- 
cations and portions of the high end are used 
for radar. 

Navy model TED transmitter is a short 
range (line-of- sight) u-h-f transmitter used 
widely for ship-to-ship, ship- to- aircraft, and 
harbor communications. 

The AN/GRC-27 and AN/GRC-27A equip- 
ments are u-h-f transmitter receiver sets 
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covering the range from 225 to 400 mc. These 
sets have replaced the older Navy type TDZ 
transmitter. They are used extensively for 
u-h-f radio telephone and m-c-w communi- 
cations. 

Navy transmitters must be flexible as far 
as type of modulation v 'c-w, m-c-w, or voice) 
and frequency range (frequency multiplication 
is often used to extend the range) are concerned. 
The maximum in utility must be obtained from 
the equipment for a minimum in size and weight. 
Therefore, care in design and modification 
where needed characterize these transmitters. 
A few of the more important features that must 
be incorporated in every Navy transmitter 
are excellent frequency stability, ruggedness, 
long life, flexibility of operation, remote- control 
operation, ease of tuning, and high efficiency. 
A given series of transmitters may include 
several models usually differing only in the 
power supplies or in minor mechanical or 
electrical changes. Navy equipment is some- 
what different from corresponding commercial 
equipment. Some of the differences may seem 
of little significance, but over a period of 
years the equipment designed specifically for 
Navy use has proved superior. 



transmitted to be printed on a paper and the 
carriage to be advanced one space. The char- 
acters for either system may be cut in their 
respective tapes by an operator at relatively 
slow speeds and later, transmitted at high 
speeds. Automatic transmission of c-w mes- 
sages has the advantages of speed and rythmic 
character transmission which is recorded on 
tape but reproduced later at a reduced speed 
that suits the transcribing operator. However, 
any rapid transmission has the great dis- 
advantage of being very easily interfered with. 
When interference is too great, an operator 
must take over at slow speeds and transcribe 
on a typewriter a straight c-w transmission 
being substituted for the high-speed signals. 

The four essential components of a c-w 
transmitter are: (1) a generator of r-f oscil- 
lations, (2) a means of amplifying these oscil- 
lations, (3) a method of turning the r-f output 
on and off (keying) in accordance with the 
code to be transmitted, and (4) an antenna to 
radiate the keyed output of the transmitter. 
A block diagram of a master-oscillator power- 
amplifier transmitter together with the power 
supply is shown if figure 11-1. 



CONTINUOUS-WAVE TRANSMITTERS 

The continuous wave is used principally 
for radio telegraphy— that is, for the trans- 
mission of short or long pulses of r-f energy 
to form the dots and dashes of the Morse 
code characters. C-w transmission was the 
first type of radio communication used, and 
it is still used extensively for long-range 
communications. Some of the advantages of 
c-w transmission are narrow bandwidth: high 
degree of intelligibility, even under severe 
noise condition and long range operation. 

A modern development for the transmission 
of messages is the teletype, which replaces the 
c-w operator for changing the plain language 
into code and code into plain language. To 
transmit a message with teletype the operator 
presses keys on akeyboard similar to a standard 
typewriter. As each key ispressed, mechanical 
cams and linkages cause a sequence of mark 
and space signals to be sent out by the trans- 
mitter. At the receiving end, the received 
teletype signal actuates selector magnets in a 
similar machine that causes the character 



OSCitlATOR 




BUFFEP 




PO*ER 






AMf»t*'£R 



«»OW£R 



20.201 

Figure 11- 1. — Master-oscillator power- 
amplifier transmitter. 

OSCILLATOR 

One of the most important sections of a 
transmitter is the one containing the oscillator- 
Here the frequency on which the transmitter 
operates ( or a subharmonic of the transmitter 
frequency, if frequency doublers or multipliers 
are used) is generated and maintained within 
the required limits. Two of the problems 
encountered in this section of the transmitter 
are (1) maintaining a stable frequency, and 
(2) switching from one frequency to another 
with a minimum of adjustments. Electron 
tube oscillators are treated in chapter 8. 



260 



Chapter 11- TRANSMITTERS 



Only some of the special problems as applied 
to transmitters will be considered in this 
chapter. 

One of the major problems encountered in 
the operation of transmitters is that of fre- 
quency drift. The frequency of a transmitter 
must be stable enough to permit a receiver 
to stay on the transmitter frequency. However, 
the master oscillator in a transmitter tends 
to change frequency when is is being warmed 
up and when the load on the oscillator varies. 
The law requires that the carrier frequency 
be held very close to the specific frequency 
assigned by the Federal Communications Com- 
mission. For example, the frequency tolerance 
allowed an international broadcast station is 
0.005 percent of the assigned frequency. 

The frequency of a transmitter can be 
stabilized by the use of a crystal oscillator. 
However, this arrangement would require a 
large number of crystals to cover the many 
frequency channels used by the Navy. A more 
flexible means of obtaining stability (especially 
at the lower frequencies) is to control the 
frequency of a transmitter with a variable 
master oscillator. An electron- coupled oscil- 
lator (ECO) is commonly used. 

Most of the frequency drift in master oscil- 
lators is due to changes in the physical size 
of the components with variations in temperature; 
therefore, changes in the electrical character- 
istics of the oscillator circuit, as well as changes 
in the oscillator tube characteristics, are intro- 
duced. Placing the frequency-determining com- 
ponents of the oscillator in a temperature- 
controlled oven minimizes this drift. To ensure 
further stability the oscillator is loaded very 
lightly and isolated by a buffer stage. 

The frequency of the master oscillator can 
be affected also by vibration and sudden shocks. 
In some transmitters all of the oscillator 
elements are mounted in a single oscillator 
unit. The oscillator unit is then suspended on 
springs and snubbed by sponge rubber cushions 
to keep the shock and vibrations reaching the 
oscillator unit to a minimum. 

Frequency stability becomes even more 
important when a transmitter uses frequency 
multiplier stages because any drift in the 
oscillator frequency will be multiplied in these 
stages. For example, if the output frequency 
is eight times the oscillator frequency, any 



drift of the oscillator frequency will be multiplied 
by eight. 

Not all Navy transmitters use all of these 
refinements, but every transmitter has some 
means of ensuring frequency stability. 

The majority of master oscillator circuits 
in the older type low- and medium- frequency 
Navy transmitters are electron- coupled oscil- 
lators because of their stability. The frequency 
of the oscillator is varied by either a variable 
capacitor or a variable inductor. Different 
frequency ranges are obtained by using a 
tapped oscillator coil or by switching in various 
values of capacitance. Sometimes both methods 
are used together. Usually the frequency of the 
oscillator is doubled in the plate circuit. With 
this arrangement, any energy fed back to the 
grid circuit is twice the frequency of the 
energy in the grid circuit and does not affect 
the stability of the oscillator. 

In most oscillators any change in oscillator 
frequency will affect the circuit stability of the 
oscillator. Modern Navy transmitters like the 
AN/SRT 14, 15, and 16 use a crystal controlled 
master oscillator with a fixed frequency. The 
crystal is often mounted in a crystal oven 
that maintains a constant temperature, thus 
increasing the frequency stability of the oscil- 
lator. By means of heterodyning and frequency 
multiplication processes taking place in several 
subunits associated with the master oscillator, 
a wide range of accurately calibrated output 
frequencies is obtained. 

Most of the transmitters operating in the 
u-h-f band are crystal controlled. However, 
crystals having a fundamental frequency in the 
u-h-f band are not practical because of the 
physical restrictions, such as the difficulty in 
grinding the crystals, and their extreme fra- 
gility. Therefore, the transmitter usually 
employs a low-frequency oscillator followed 
by a number of frequency multipliers, the 
number used depending on the desired output 
frequency. Of course, the multiplier stages 
must be accurately tuned to the correct harmonic 
frequency. In this arrangement the crystal is 
larger and more substantial than it would be 
if it were operated at the higher frequencies. 

BUFFER AMPLIFIER 

As mentioned previously, a buffer amplifier 
is placed between the oscillator and the power 
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amplifier to isolate the oscillator from the load 
and thus improve the frequency stability of the 
transmitter. If the frequency of the plate 
tank circuit of the buffer amplifier is the 
same as that of the oscillator driving it, the 
stage is a conventional type of amplifier, 
usually class C. 

If the plate tank circuit of the buffer ampli- 
fier is tuned to the second harmonic (in order 
to increase the frequency of the radiated signal) 
of the driving signal applied to the grid, the 
stage becomes a frequency double r and the 
output voltage has a frequency equal to twice 
that of the input. Likewise, the buffer ampli- 
fier may become a tripler or a quadrupler. 

A frequency-double r stage is shown in figure 
11- 2, A. The plate tank is tuned to twice the 
frequency of the grid tank. If LI is equal to 
10 fih and CI is equal to 25.3 ji/if* the resonant 
frequency of the grid tank is 
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Figure 11-2. — Frequency doubler. 



If the plate tank coil has an inductance of 
10 /ih and the resonant frequency of the plate 



tank is 20 mc, the plate tank capacitor, C2, will 
have 



CI 
4 



25.3 



= 6.3 jifif. 



The capacitance of C2 may be verified by 
substituting the values of f and L in the 
following formulas: 

_\2. 

LC 



thus, 10C 
from which 



■(f) 
■ («)'• 



_ 1592 

C= 202x10 = 6 35 "" f - 

The curves of plate voltage, grid voltage, and 
plate current are shown if figure 11-2.B. 
The dotted curves indicate operation as a 
class- C amplifier without frequency multi- 
plication, and the solid curves indicate operation 
as a frequency doubler. Unless the operating 
bias is increased, the triode platG will overheat 
when the plate tank is tuned to the second 
harmonic of the grid-tank circuit. Plate voltage 
is higher (a to b) during the interval the grid 
voltage is above cutoff, and the duration of plate 
current flow is reduced by increasing the 
operating bias from c to d. 

Although the angle of plate- current flow is 
reduced, the efficiency is maintained. The 
output of the frequency multiplier varies 
inversely with the extent of frequency multi- 
plication. If the plate tank is tuned to the 
second harmonic of the grid tank, the duration 
of flow of plate current ranges from 90° to 
120° and the power output is about 65 percent 
of the output of a class-C amplifier. If the 
plate tank is tuned to the third harmonic of 
the grid tank, the angle of flow of plate current 
ranges from 80° to 120° and the output is 
reduced to 40 percent of that of a class-C 
amplifier. If the plate tank is tuned to the 
fourth harmonic of the grid input signal, the 
angle of plate current flow is reduced to 
between 70° and 90° , and the output is 30 
percent of that of a class-C amplifier. If the 
frequency is multiplied by 5. the angle of 
plate current flow ranges from 60° to 72° and 
the output power is 25 percent of that of a 
class-C amplifier. 
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In every case it is necessary to increase the 
operating bias and the grid driving signal 
as the frequency multiplication increases in 
order not to overheat the triode plate. The 
flywheel effect in the plate tank supplies the 
missing cycles of grid drive and the output 
is approximately an undamped wave having 
sine waveform. 

Three important conditions must prevail in 
order to obtain frequency multiplication— (1) 
high grid-driving voltage, (2) high grid bias, 
and (3) plate tank tuned to the desired harmonic. 
If the second harmonic is selected, the stage 
is called a FREQUENCY DOUBLER; if the 
third is used, the circuit is called a FREQUENCY 
TRIPLER, and so forth. 

Certain amplifier circuits are suited to the 
generation of even harmonics and others to 
the generation of odd harmonics. Push-pull 
amplifiers produce only odd harmonic frequency 
multiplication— third, fifth, seventh, and so forth. 
If the grids of two triodes are connected in 
push-pull and the plates in parallel (fig. 11-3), 
even-order harmonics can be produced. 

The grid signals are 180° out of phase. 
When one grid voltage is positive maximum, 
the other is negative maximum, and the second 
alteration of the cycle reverses the respective 
potentials. Thus pulsating plate current flows 
first in one tube and then in the other. Because 
the plates are connected in parallel, the output 
pulses are in the same direction and the plate 
tank circuit receives two pulses for each 
input cycle at the grids. This type of double r 
is capable of greater output and higher plate 
efficiency than the single- tube type. 

POWER AMPLIFIER 

Whereas the buffer stage isolates the oscil- 
lator from the varying load caused by the keying, 
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Figure 11-3. — Even-order harmonic frequency 
multiplier. 



the power amplifier increases the magnitude 
of the r-f current and voltage by the resonant 
action of the plate tank circuit. The power 
amplifier shown in figure 11-4, A is a class-C 
amplifier. The triode amplification factor, ^ , 
is 20 and the plate supply voltage is 1,000 
volts. The cutoff bias, e co , is therefore 

The operating bias, e 0 , is three times the cut- 
off, and therefore 

e Q = 3(-50)- -150 volts. 

The maximum value of the r-f input signal is 
180 volts. Thus, when the grid end of the r-f 
input is positive, the peak positive grid-to- 
cathode voltage is 180-150= +30 volts. When 
the grid end of the r-f input is negative, the peak 
negative grid- to- cathode voltage is (-180) + 
(-150) =-330 volts. 

When the grid voltage is above the cutoff 
value, plate current flows, and at the instant 
the grid voltage is W0 volts, the plate current 
is 150 ma (fig. 11-4,B). The tuning capacitor 
C4, charges up to nearly the full value of the 
B- supply voltage, or 950 volts. During this 
charging process, the lower capacitor plate is 
positive and the upper plate is negative. Thus, 
the instantaneous triode plate -to- ground voltage, 
when the capacitor voltage is 950 volts, is 
1,000-950 = 50 volts. This value is called 
£min and represents the lowest value of plate- 
to- cathode voltage in the entire cycle. 

The relations between plate voltage, plate 
current, grid excitation voltage, and resonant 
plate tank circuit voltage and current are shown 
in figure 11-5. The flywheel effect in the 
plate tank circuit causes the capacitor to peri- 
odically reverse its polarity and continue the 
a-c cycle within the tank when the grid voltage 
is below cutoff and no energy is being supplied 
to the tank circuit from the power supply. The 
plate voltage swings from 1,000 volts to a 
minimum of 50 volts and then to a maximum of 
1,950 volts before it completes the cycle. 

Thus, the plate tank circuit converts pulses 
of unidirectional current in the triode plate 
circuit into sine-wave variations of current in 
the resonant tank. These surging currents 
give the tank circuit the so-called FLYWHEEL 
EFFECT, in which the tuned circuit makes up 
the portion of the sine wave missing in the plate 



9£9 



BASIC ELECTRONICS 




I 

lp-tg CURVES 

20.204 



Figure 11-4. — Power amplifier. 
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Figure 11-5. — Power amplifier current and 
voltage relation. 



current pulses, and supplies a voltage of sine 
waveform to the load. The tube acts as a 
valve merely to supply the necessary power 
at just the right time. 

Plate current flows for about one- third of 
each cycle. Energy is supplied to the tank 
circuit during the time plate current flows. 
Plate voltage, ep, is below the power-supply 
value during this portion of the cycle, because 
the tank capacitor charges up with a polarity 
that opposes the polarity of the power supply, 
and ep = Eb-e c , where e c is the voltage across 
the tank capacitor. Thus, energy is supplied 
to the tank with minimum plate losses because 
it is supplied at a time when the plate voltage 
(hence plate losses) is at a minimum. The 
efficiency of the class-C amplifier may be as 
high as 70 percent. 

Grid voltage is positive with respect to the 
cathode for a short time in each cycle, and 
for optimum conditions the minimum value of 
plate voltage, emin, should be equal to the 
maximum positive value of grid during voltage, 
e max- In other words, e max = e m in- The 
maximum positive grid voltage, emax, should 
never be allowed to exceed the minimum plate 
voltage, e m in- Otherwise, plate current would 
'decrease and grid current would become exces- 
sive resulting in a reduction in output power 
and excessive grid losses. Thus in figure 
11-5, e m ax is made 20 volts less than e m j n in 
order to ensure that e m ax will never exceed 
e min- 

The plate tank circuit in figure 11-4 may have 
an artificial load applied to it for the purpose 
of tuning the amplifier prior to coupling the 
antenna to it. This load may take the form 
of an incandescent lamp of approximately the 
same power rating as the amplifier supplying 
it. The load 4s coupled to the tank by means 
of the link coil, L3. 

The plate supply voltage is reduced and tuning 
capacitor C4 is adjusted for resonance, as 
indicated by the dip in the plate milliammeter 
(line current is a minimum at resonance). The 
sharp decrease in plate current is accompanied 
by a corresponding increase in tank current. 
As resonance is approached, grid current in- 
creases as plate current decreases. The load 
on the tank circuit may be increased by moving 
link coupling inductor L3 closer to tank coil 
L2 and increasing the plate supply voltage to 
the normal value. 
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The increased load on the amplifier increases 
the current through the lamp and decreases 
the current in the plate tank circuit. The 
decrease in current in the resonant tank is 
accompanied by a decrease in voltage, ec, 
across the tank. Thus in figure 11-5, e m i n be- 
comes larger (e m i n = Eb-e c ) and plate current 
increases with the load. The space current 
increases because plate voltage is increased 
during that portion of the cycle when the triode 
is conducting. For a given filament emission, 
plate current increases and grid current de- 
creases as the load or. the tank increases. 

The transmitter output may be coupled to 
the antenna by tuning the antenna to resonance 
and coupling it to the final amplifier tank by 
means of a link coil similar to L3. The 
artificial load is removed by moving L3 away 
from L2, as the antenna load is applied to the 
tank. 

BIAS METHODS 

Most of the bias methods used in receivers 
can also be employed in transmitters. However, 
because of the power output requirements of 
transmitters, class- B or class-C r-f amplifiers 
are used most often and these normally employ 
grid-leak bias. Grid-leak bias depends on grid 
current flow for a portion of the input cycle. 
This type of bias is not generally used in 
receivers because most r-f amplifiers in 
receivers operate class A with no grid current. 

A grid- leak bias circuit is shown in figure 
11-6. The triode is assumed to operate as 
a class-C amplifier with a peak driving voltage 
of 180 volts, a cutoff bias of -50 volts, and 
an operating bias of -150 volts. The polarities 
and magnitudes ©f the voltages for the condition 
of maximum positive grid-to-cathode voltage 
are shown in figure 11-6, A. The polarities and 
magnitudes of the voltages for the condition of 
maximum negative grid- to- cathode voltage are 
shown in figure 11-6,B. The wave forms of the 
grid-driving voltage and plate current are shown 
in figure 11-6, C. 

Capacitor CI blocks grid current from the 
signal source. Capacitor C2 is an r-f bypass 
capacitor that holds the lower end of the r-f 
choke at r-f ground potential. Grid- leak bias 
voltage is developed across grid resistor R. 

In this example, R has a resistance of 15 
k-ohms and the grid current is 10 milliam- 
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Figure 11-6.— Analysis of grid leak bias. 

peres. The voltage across R'is 113X15, or 
150 volts. The voltage across R without C2 
is a series of half-wave pulses. The fact 
that C2 is shunted across R smoothes these 
pulses into a steady d-c bias voltage. The 
electron flow through R makes the grid end 
negative and the cathode end positive. 

The a-c driving voltage is developed across 
the r-f choke which presents high inductive 
reactance to the r-f input and low effective 
resistance to the d-c grid current. The ca- 
pacative reactances of capacitors CI and C2 
are low so that the a-c voltage across them 
is negligible. 

In figure 11- 6, A, the grid conducts and the 
positive peak grid- to- cathode voltage is 180-150. 
or + 30 volts. During the time grid current 
flows. CI charges up to 180-30, or 150 volts, 
and the low impedance of the conducting cathode- 
to-grid circuit bypasses grid circuit around 
the r-f choke and resistor R. 

Also during the time the grid is conducting, 
C2 discharges through R, thus maintaining the 
operating bias of -150 volts. C2 is sufficiently 
large that its voltage does not change appre- 
ciably during discharge. 
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On that portion of the input cycle when the 
grid is negative with respect to the cathode, 
no grid current flows. At the instant pictured 
in figure 11-6,B. the grid is maximum negative 
with respect to the cathode. The path for the 
a-c input voltage is to the right through CI and 
down through the r-f choke and grid resistor 
R. Capacitor C2 charges up as CI discharges. 
CI is sufficiently large that its d-c potential 
does not fall appreciably during discharge. 

Grid- leak bias has the desirable charac- 
teristic of adjusting its value automatically 
when the amplitude of the grid driving voltage 
varies in magnitude. For example, an increase 
in driving voltage increases the operating bias, 
which checks the increase in grid current; 
or if the grid driving voltage decreases, the 
decrease in grid current is checked by a 
shift of the operating bias in apositive direction. 
The correction is automatic in either case 
because it is the flow of grid current through 
the grid resistor that produces the operating 
bias. Thus the grid current is maintained at 
the proper value automatically over an appre- 
ciable range of input voltage. 

In order to maintain grid-leak bias, grid 
current must flow a part of each cycle. Re- 
moving the driving voltage or lowering its 
amplitude below the value that drives the 
grid positive causes a loss in grid current 
and operating bias. Plate current then becomes 
dangerously high and the tube may be damaged. 

Separate bias may be employed to prevent 
the condition of excessive plate current when 
grid bias is removed. Figure 11-7 shows a 
circuit that uses protective bias in series with 
grid-leak bias. In this example, the grid bias 
is developed as a result of the flow of 10 ma 
of grid current through a 10 k-ohm resistor. 
The voltage across R is 10 X 10, or 100 volts. 
The protective bias is provided by a 50- volt 
battery. Cutoff bias for the triode is assumed to 
be -50 volts. The total operating bias 
is -100 -50, or -150 volts. 

Grid current flows down through R and into 
the negative terminal of the battery. The 
direction is such as to charge the battery 
and raise its terminal voltage when grid current 
flows. The energy to charge the battery comes 
from the a-c driving voltage source. Thus, the 
voltage regulation of a separate bias supply, 
such as the bias battery, is negative (the greater 
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Figure 11-7.— Combination grid-leak and 
battery bias. 

the grid current, the higher is the bias supply 
voltage). 

Other forms of protective bias, including 
cathode bias, and separate bias supplies are 
discussed in chapter 3. 

TRANSMITTER ELECTRON TUBES 

Electron tubes used in transmitters differ 
very little from those used in receivers except 
in size. Because most transmitter tubes are 
power tubes designed to amplify high voltage 
and heavy current, they must be of much larger 
and heavier construction. The plate dissipation 
of a tube is the difference between the plate 
power input and the power output. If this 
dissipation is greater than normal, the plate 
will become very hot, sometimes glowing with 
a red color from this heat. If the heat becomes 
intense, gases may develop within the tube, 
making it unsatisfactory for further use. A 
transmitter should not be operated for any 
appreciable time if the plates become red unless 
the service manual for the set states that this 
condition is normal for operation. Loss of bias, 
insufficient grid excitation, or improper tuning 
may cause overheating of a transmitter tube. 

A common screen- grid tube similar to the 
type 860 used as a class-C r-f power ampli- 
fier in Navy transmitters is shown in figure 
11-8. It requires no neutralization and is 
used in medium-power transmitters. 

The thoriated tungsten filament has a rating 
of 10 volts and 3.25 amperes. The two filament 
leads and the screen-grid are brought out through 
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Figure 11-8. — Medium -power transmitting 
tetrode. 

the base pin connections. The screen-grid 
voltage is 300 volts. The control grid is 
connected to stranded leads that are brought 
out through a separate seal in the upper arm of 
the bulb. Control-grid voltage for class-C 
operation is -150 volts and grid current is 
15 milliamperes. The driving power required 
is about 7 watts. The plate is connected to 
stranded leads that are brought out through a 
separate seal in the side arm of the bulb. 
Plate voltage for class-C operation is 3,000 
volts. 

This tube is mounted in a vertical position. 
The plate shows a dull red color when it is 
operated at the maximum plate dissipation 
rating of 100 watts. Normal plate current 
is 85 ma when the power output is 165 watts. 
Plate efficiency of this amplifier is about 65 
percent when the plate dissipation is 90 watts. 
The amplification factor of this tetrode is 200, 
its transconductance is 1,100 micromhos, and 



its a-c plate resistance is approximately 182,000 
ohms. 

Because plate current flows for only a portion 
of each cycle, tubes are better able to dissipate 
the heat developed and thus have a longer life 
if they are operated class C. Additional details 
on the construction and operation of electron 
tubes are given in chapter 1. 

NEUTRALIZATION 

A transmitter r-f amplifier having a plate 
tank and grid tank circuit both tuned to the 
same frequency resembles a tuned-plate tuned- 
grid oscillator. Unless some precaution is taken 
to prevent it, the amplifier may break into 
oscillation, causing a very unstable operating 
condition. If a voltage is fed back from plate 
to grid in phase with the grid signal, oscillation 
will occur. If the voltage fed back is 180° out 
of phase with the grid signal, the action is 
degenerative and oscillations will be stopped. 

Neutralization is a process of balancing 
the voltage fed back by the interelectrode 
capacitance of the tube with an equal voltage 
of opposite polarity. Dividing the plate cir- 
cuit so that the neutralization voltage is developed 
across a part of it is called PLATE NEU- 
TRALIZATION. If the voltage of neutralization 
is developed in the grid circuit the arrange- 
ment is called GRID NEUTRALIZATION. 

In figure 11-9, the plate tank coil has a 
center-tap connection. The voltage between 
point A and ground is 180° out of phase with 
the voltage from point B to ground. Feed- 
back through the plate-to-grid capacitance of the 
triode produces a voltage across the grid 
input circuit that is in phase with the grid 
excitation voltage and therefore tends to cause 
the amplifier to break into oscillations. 

The neutralizing capacitor, Cn, couples a 
portion of the voltage between point Band ground 
to the grid input circuit. This action is degen- 
erative and tends to block oscillations. A 
simplified equivalent circuit is shown in figure 
11-10. 

By the adjustment of Cn, the voltage fed 
back to the grid through Cn is made equal 
to the voltage fed back through the tube. 

One method of determining the correct 
adjustment for Cn is to apply the input r-f 
voltage with normal filament but no plate voltage. 
A pick-up coil near the plate tank is fed to 
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Figure 11-9. — Plate neutralization. 
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Figure 11-10. — Equivalent circuit for plate 
neutralization. 

the vertical input of a cathode- ray oscilloscope. 
Cn is adjusted so that no r-f voltage appears 
on the scope when the plate tank is tuned to 
resonance. Under these circumstances, the 
r-f current divides equally through Cpo and 
Cn. The resulting r-f currents in the plate 
tank flow in opposite directions and cancel 
the tank inductive effect so that no resonant 
build-up occurs between the coil and capacitors. 
A neon glow bulb, a loop of wire attached to 
a small flashlight bulb, or a sensitive r-f 
galvanometer may be used if an oscilloscope is 
not available. 

If there is a milliammeter in the ampli- 
fier grid circuit, the adjustment of Cn may 
be made by observing the grid meter as the 
plate tank is tuned through resonance, with no 
plate voltage applied. When there is an un- 
balance between C p g and Cn, the plate becomes 
alternately positive and negative as the plate 
tank strikes resonance. On positive swings, 
plate current flows. As the plate tank circuit 
is tuned to the resonant frequency, some of the 
electrons that were going to the grid now go 
to the plate, thereby causing a dip in grid 
current. 



However, as Cn is adjusted to neutralize 
the amplifier stage, the r-f current from the 
input stage divides equally and flows in opposite 
directions in the two halves of the plate-tank 
coil, thus canceling the inductive effect of the 
coil and preventing the buildup of resonance in 
the tank. There is no rise in tank current 
and voltage, and the triode plate remains at 
zero potential. Therefore, with Cn properly 
adjusted, no dip in grid current occurs as the 
plate tank is tuned through the resonant fre- 
quency. 

Another indication of the neutralized con- 
dition of the amplifier stage is obtained by 
observing the reaction on the plate and grid 
currents of the INPUT stage as the amplifier 
plate tank (with no voltage applied) is tuned 
through resonance. If the amplifier is not 
properly neutralized, the resonant build-up 
in the plate tank varies the load on the exciter 
stage as the plate tank is tuned through 
resonance. Thus, in the exciter stage, the 
grid current decreases and the plate current 
increases as the amplifier plate tank strikes 
resonance. However, when Cn is properly 
adjusted to neutralize the amplifier stage, 
no increase in loading occurs on the exciter 
stage as the plate tank is tuned to the resonant 
frequency, and the grid and plate currents in 
the exciter stage remain the same. 

In some transmitter circuits it is more con- 
venient to turn off the filament voltage on the 
amplifier stage instead of removing plate volt- 
age. If this is done, the process of neutralizing 
the amplifier is carried out the same way, 
except that no current flows in the amplifier 
grid circuit. The absence of radio frequency in 
the amplifier plate tank, as evidence of the 
correct adjustment of Cn* may be determined 
by the effect on the exciter stage or on an r-f 
pickup coil and associated indicator, as pre- 
viously mentioned. 

To obtain complete neutralization the trans- 
mitter must be designed so that there is no 
coupling between the input (grid) and output 
(plate) circuits of the amplifier stages other 
than through the interelectrode capacitance of 
the tubes. The input and output inductors must 
be shielded from each other or mounted at right 
angles to reduce any coupling between them to a 
negligible amount. The wiring and arrangement 
of component parts must reduce stray capacitive 
or inductive coupling to a minimum. 
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Cross neutralization of a push-pull ampli- 
fier is accomplished as shown in figure 11-11, 
A. The plate of tube 1 is connected to the grid 
of tube 2 through neutralizing capacitor Cisjl, and 
the plate of tube 2 is connected to the grid of 
tube 1 through neutralizing capacitor Cn2. The 
voltage fed back through the interelectrode 
capacitance (plate-to-grid) of tube 1 to the input 
circuit for that tube is counteracted by the voltage 
fed back through CN2- The voltage fed back 
through the interelectrode capacitance (plate-to- 
grid) of tube 2 to the input circuit for tube 2 is 
counteracted by the voltage fed back through 
neutralizing capacitor CnI- 
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Figure 11-11.— Neutralization circuits. 

A special method of amplifier neutralization, 
cnown as the Rice system, is shown in figure 
11-11, B. This arrangement is similar to that 
)f figure 11-11, A, except that the Rice system 
itilizes a split input circuit in place of a split 
output circuit. The voltage fed back from the 
)late to the grid through Cpg is counteracted 
)y the voltage fed back through Cfg. This circuit 
s a form of grid neutralization. 

The use of a well- shielded tetrode or pentode 
makes neutralization unnecessary, because the 
Dlate and grid are shielded from each other by 
:he screen grid and its associated r-f bypass 



capacitor which holds the screen at r-f ground 
potential. However, the overall efficiency of 
these tubes is not as great as that of triodes, 
since there is a screen-grid power loss. The 
high impedance of such tubes makes them more 
suitable for voltage amplifiers than for final 
output stages where power output is the principal 
factor. Low excitation requirements make 
tetrodes and pentodes especially suitable for 
use in the intermediate stages of a transmitter. 

PARASITIC OSCILLATIONS 

Circuit conditions in an oscillator or ampli- 
fier may be such that secondary oscillations 
occur at frequencies other than that desired. 
The frequency of these oscillations is neither 
that of the fundamental nor its harmonics. Such 
oscillations are appropriately termed PARA- 
SITIC OSCILLATIONS and are to be avoided. The 
energy required to maintain parasitic oscilla- 
tions is wasted so far as useful output is con- 
cerned. A circuit afflicted with parasitics has 
low efficiency and frequently operates er- 
ratically. 

Figure 11-12 shows some of the incidental 
circuits that may give rise to parasitics in a 
transmitter amplifier. The dotted lines in 
figure 11-12, A, outline a possible h-f circuit, 
and those in figure 11-12, B, outline a possible 
u-h-f circuit. The part of a transmitter that 
constitutes a possible 1-f parasitic circuit is 
shown in figure 11-12, C. 

Parasitic oscillations may be suppressed by 
placing resistors or chokes at appropriate posi- 
tions in the circuits, or by slightly modifying 
the existing values of certain circuit elements. 
Also, care should be used in the physical ar- 
rangement and wiring of parts. Parasitic sup- 
pressors consisting of an inductor and resistor 
in parallel are sometimes inserted in the grid 
and plate leads of an r-f amplifier to suppress 
high-frequency parasitic oscillations. The re- 
sistor has a resistance of from 50 to 100 ohms. 
The path through the r-f choke has a low im- 
pedance to normal frequencies and a high im- 
pedance to high frequencies (parasitics). Thus, 
normal frequency currents flow through the r-f 
choke without attenuation. The path of the h-f 
parasitic currents is through the resistor which 
dissipates the feedback energy in the form of 
heat and reduces the magnitude of the parasitic 
oscillations to a negligible amount. 
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Figure 11- 12. -Parasitic oscillatory circuits in a transmitter. 



KEYING SYSTEMS 

Keying a c-w transmitter causes an r-f 
signal to be radiated ONLY when the key contacts 
are closed. When the key is open the trans- 
mitter does not radiate energy. Keying is ac- 
complished in either the oscillator or amplifier 
stages of a transmitter. A number of different 
keying systems are used in Navy transmitters. 

In most Navy transmitters the hand telegraph 
key is at low potential with respect to ground. 
The keying bar is usually grounded to protect 
the operator. Generally a keying relay with its 
contacts in the center-tap lead of the filament 
transformer is used to key the equipment. Be- 
cause one or more stages use the same filament 
transformer, these stages are also keyed. The 
class C final amplifier, when operated with 
fixed bias is usually not keyed because with no 
excitation applied no current flows. Hence, 
keying the final amplifier along with the other 
stages is not necessary. 



Two methods of oscillator keying are shown 
in figure 11-13. In figure 11-13, A, the grid 
circuit is closed at all times, and the key opens 
and closes the negative side of the plate circuit. 
This system is called PLATE KEYING. When 
the key is open, no plate current can flow and 
the circuit does not oscillate. In figure 11-13. 
B, the cathode circuit is open when the key is 
open and neither grid current nor plate current 
can flow. Both circuits are closed when the key 
is closed. This system is called CATHODE 
KEYING. Although the circuits of figure 11-13 
may be used to key amplifiers, other keying 
methods are generally employed because of the 
larger values of plate current and voltage 
encountered. 

Two methods of blocked- grid keying are 
shown in figure 11-14. The key in figure 11- 14. 
A, shorts cathode resistor Rl, allowing normal 
plate current to flow. With the key open, reduced 
plate current flows up through resistor Rl. 
making the end connected to grid resistor R<r 
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Figure 11-13.— Oscillator keying. 
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Figure 11- 14. -Blocked grid keying. 



negative. If Rl has a high enough value, the bias 
developed is sufficient to cause practical cutoff 
of plate current. Complete cutoff is not possible 
because the bias voltage developed across Rl 
depends on the flow of some plate current 
through it. However, the blocking is sufficient 
for practical keying. Depressing the key short- 
circuits Rl, thus increasing the bias above 
cutoff and allowing the normal flow of plate 
current. Grid resistor Rg is the usual grid- leak 
resistor for normal bias. This method of keying 
is applied to the buffer stage in a c-w trans- 
mitter. 

The blocked-grid keying method shown in 
figure 11-14, B, affords complete cutoff of plate 
current and is one of the best methods for keying 
amplifier stages in c-w transmitters. In the 
voltage divider, with the key open, two-thirds 
of 1,000 volts, or 667 volts, are developed across 
the 200 k-ohm resistor and one-third of 1,000 
volts, or 333 volts, are developed across the 
100 k-ohm resistor. The grid bias is -100 -333, 
or -433 volts. Because this is below cutoff, no 
plate current flows. The plate voltage is 667 
volts. With the key closed, the 100 k-ohm 
resistor is shorted out and the voltage across 
the 200 k-ohm resistor is increased to 1,000 
volts. Thus, the plate voltage becomes 1,000 
volts at the same time the grid bias becomes 
-100 volts. Grid bias is now above cutoff and 
the amplifier triode conducts. Normal amplifier 
action follows. 

Where greater frequency stability is re- 
quired, the oscillator should remain in opera- 
tion continuously while the transmitter is in 
use. This procedure keeps the oscillator tube 
at normal operating temperature and offers less 
chance for frequency variation to occur each time 
the key is closed. If the oscillator is to operate 
continuously and the keying is to be accom- 
plished in an amplifier stage following the os- 
cillator, the oscillator circuit must be carefully 
shielded to prevent radiation and interference 
to the operator while he is receiving. 

In transmitters using a crystal- controlled 
oscillator the keying is almost always in a stage 
following the oscillator. In the large trans- 
mitters (75 watts or higher) the ordinary hand 
key cannot accommodate the plate current with- 
out excessive arcing. Moreover, because of the 
high plate potentials used it is dangerous to 
operate a hand key in the plate circuit. A slight 
slip of the hand below the key knob might result 
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in a bad shock; or, in the case of defective r-f 
plate chokes, a severe r-f burn might be in- 
curred. In these larger transmitters, some local 
low- voltage supply, such as a battery or the 
filament supply to the transmitter, is used with 
the hand key to open and close a circuit through 
the coils of a keying relay. The relay contacts 
in turn open and close the keying circuits of 
the amplifier tubes. A schematic diagram of a 
typical relay-operated keying system is shown 
in figure 11-15. The hand key closes the circuit 
from the low- voltage supply through coil L of 
the keying relay. The relay armature closes the 
relay contacts as a result of the magnetic pull 
exerted on the armature. The armature moves 
against the tension of a spring. When the hand 
key is opened, the relay coil is deenergized and 
the spring opens the relay contacts. 
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Figure 11- 15.— Circuit for a relay-operated 
keying system. 
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Figure 11-16. — Key-click filters. 

the key is closed, and the current builds up 
gradually instead of instantly. Capacitor C 
charges up as the key is opened and slowly 
releases the energy stored in the inductor mag- 
netic field. Resistor R controls the rate of 
charge and discharge of capacitor C and also 
prevents sparking at the key contacts by the 
sudden discharge of C when the key is closed. 

Another difficulty that may be encountered 
in keying a transmitter is the presence of a 
back wave. A back wave results when some r-f 
energy leaks through to the antenna even though 
the key is open. The effect is as though the 
dots and dashes were simply louder portions of 
a continuous carrier. It may be difficult to 
distinguish the dots and dashes under such 
conditions. Back-wave radiation is usually the 
result of incomplete neutralization. 

CIRCUIT OF A C-W TRANSMITTER 



Theoretically, keying a transmitter should 
instantly start and stop radiation of the carrier 
completely. However the sudden application 
and removal of power creates rapid surges of 
current which cause interference in nearby re- 
ceivers. Even though such receivers are tuned 
to frequencies far removed from that of the 
transmitter, interference is present in the form 
of clicks or thumps. To prevent such inter- 
ference, key-click filters are used in the keying 
systems of radio transmitters. Two types of 
key- click filters are shown in figure 11-16. 

The capacitors and r-f chokes in both circuits 
of figure 11-16 prevent surges of current. The 
choke coil, L, causes a lag in the current when 



The circuits of a small, shore-based, c-w 
transmitter and its power supply are shown in 
figure 11-17. The transmitter includes 3 tubes, 
oscillator, buffer, and power amplifier. The 
power supply is designed to plug into a 11 7- volt 
60- cycle source. 

To simplify the wiring diagram, individual 
meters are shown in the plate and grid leads 
for each stage. In practice, one meter and a 
multi- terminal switch for the grid circuits 
and a similar combination for the plate circuits 
would suffice. 

The crystal oscillator stage is keyed in the 
cathode circuit of beam-power tetrode VI, which 
is similar to a tuned-grid tuned-plate oscillator 
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Figure 11-17.— C-w transmitter and power supply. 



except that the crystal replaces the tuned-grid 
circuit. The stage oscillates with the key closed 
when the plate tank, L1C1, is tuned to a fre- 
quency close to that of the crystal. Grid- leak 
bias is developed across Rl. The key-click 
filter circuit consists of R3, L3, C5, and C6. 

The r-f excitation voltage appears across the 
r-f choke, L2. 

Screen voltage is applied through resistor 
R2. Capacitor C4 is the screen bypass capacitor, 
which holds the screen at r-f ground potential. 
Capacitor C2 is the plate bypass capacitor, 
which places the lower end of the plate tank 
circuit at r-f ground. The output voltage 
across the tank is coupled to the buffer stage 
through capacitor C3. Meter Ml indicates the 
sum of the plate and screen Currents in VI 
and the current in Rll. The output power of the 
oscillator is about 5 watts at the crystal fre- 
quency. 

The buffer stage, V2, employs a triode- 
connected beam-power tetrode biased for class- 
C operation and using plate neutralization. 
Neutralizing capacitor couples the correct 
amount of feedback voltage to the grid to 
neutralize the stage. 



The oscillator output voltage is developed 
across the r-f choke, L4. Capacitor C7 is an 
r-f bypass capacitor that places the lower end 
of the choke at r-f ground potential. In addition 
to separate bias, the grid circuit uses the volt- 
age developed across resistor R4 as automatic 
bias. Meter M2 indicates the buffer grid current. 
The stage may be used as a frequency doubler, 
in which case the plate tank tuning capacitor. 
C8, is adjusted so that the tank strikes resonance 
at the second harmonic of the crystal fundamental 
frequency. Capacitor CIO is a plate bypass 
capacitor, which holds the center tap of tank 
coil L5 at r-f ground potential. Plate current 
is indicated by meter M3. The stage develops 
an output power of about 15 watts. The output 
voltage is coupled through capacitor C9 to the 
grid circuit of power amplifier triode V3. The 
excitation voltage appears across r-f choke L6. 

The power amplifier triode is biased for 
class- C operation and the plate tank (L7, CI 5, 
and C16) is tuned to the frequency of the grid- 
excitation voltage. The antenna is coupled to 
the final tank through link coil L8. Resistor 
R8 is center-tapped to provide a common re- 
turn for the plate and grid circuits and to prevent 
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the 60- cycle filament voltage from modulating 
the r-f grid voltage. Capacitor Cll is an r-f 
bypass capacitor that holds the lower end of 
r-f choke L6 at r-f ground potential. Capacitors 
C12 and C13 are filament bypass capacitors that 
keep r-f current out of the filament leads. 
Capacitor C14 effectively places the center tap 
of plate tank coil L7 at r-f ground potential. 
The stage employs plate neutralization. The 
neutralizing capacitor, Cn2> couples a portion 
of the voltage between the lower end of the plate 
tank and ground back to the grid, to neutralize 
the voltage fed back through the plate- to- grid 
capacitance of V3. The r-f choke, L9, keeps 
r-f currents out of the plate supply lead. Meter 
M4 indicates grid current and M5 plate current. 
Power output is approximately 100 watts when 
the plate supply voltage is 1,000 volts. 

The power supply includes three full-wave 
rectifiers to provide plate, screen, and grid 
voltages for the transmitter tubes. It also in- 
cludes filament supply transformers for both 
transmitter and power supply tubes. Trans- 
former Tl supplies filament power to VI. V2, 
and V3. 

Switches Si and S2 are arranged so that Si 
must be closed before S2 can be energized. 
Thus, filament and bias voltages are provided 
for V2 and V3 before plate voltage can be ap- 
plied to V3. The primaries of all the power 
supply transformers are connected in parallel 
and are supplied by a 117-volt 60-cycle source. 
Power supplies are treated in chapter 3. 

TUNING A C-W TRANSMITTER 

All radio transmitters must be properly 
tuned to ensure efficient operation on the as- 
signed frequency. Transmitters are always 
tuned on c-w even if m-c-w or voice modulation 
is to be used. Plate- current meters are gen- 
erally used to indicate proper adjustment of the 
r-f stages. All stages, with the exception of the 
oscillator, are always adjusted or tuned for 
minimum plate current. If a stage is not tuned 
to resonance, the plate current will be high and 
high plate dissipation, power loss, and low out- 
put will result. When a stage is loaded by 
another stage or an antenna, the plate current 
of the stage in question must be rechecked for 
circuit resonance (minimum plate current) after 
loading. 



If a gassy tube is present in the equipment, 
plate current in that stage cannot be brought to 
the proper minimum, and grid current will re- 
main too low or may even reverse. The tube 
will act as though there were a short between 
the grid and cathode and much of the energy 
supplied to the stage will be grounded and lost. 
This condition can be recognized by any of the 
indications just mentioned and by a violet- 
colored glow between the tube elements. The 
only remedy for this condition is a new tube. 

The coupling of the tuned antenna to the 
transmitter is accompanied by three principal 
effects— 

1. The antenna current (r-f energy) in- 
creases. 

2. The plate current of V3, as indicated on 
meter M5, increases. 

3. The grid current of V3, as indicated on 
meter M4, decreases. 

In the final tune- up process the act of 
moving the antenna link coil closer to the final 
power -amplifier tank coil usually detunes the 
final stage slightly. This detuning results in 
an increase in the indication on plate- current 
meter M5. To correct this condition, plate 
tank capacitors C15 and C16 should be re- 
adjusted until minimum current is indicated on 
M5. This adjustment results in a further in- 
crease in output power and antenna current. 
The transmitter is then ready for keying. 

CAPABILITIES OF A C-W TRANSMITTER 

In view of the comparative slowness and in- 
convenience of keying the dots and dashes of 
Morse code, it might seem that radio telegraphy 
would be superseded by radio telephony, which 
uses modulated waves. C-w transmission, how- 
ever, has four distinct advantages over radio- 
telephony. 

1. Radiotelegraph transmitters have a 
greater transmission range than radiotelephone 
transmitters of the same power output because, 
in the latter, speech from a distant point may 
be audible, but not intelligible. 

2. C-w signals may be picked up by code 
receivers that are capable of rejecting most 
of the interference characteristic of all r-f 
waves. 

3. The comparable radiotelegraph trans- 
mitter is smaller and much simpler to operate 
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4. Within a given frequency band t many more 
radiotelegraph transmitters than radiotelephone 
transmitters may be operated without inter- 
ference. 

AMPLITUDE-MODULATED RADIOTELEPHONE 
TRANSMITTER 

Amplitude modulation has been defined as 
the variations of the magnitude of the r-f 
output of a transmitter at an audio rate. In 
other words, the r-f energy increases and 
decreases in accordance with the energy de- 
livered by the audio modulator. If the audio 
frequency is high, the radio frequency varies 
in amplitude more rapidly than if the audio 
frequency were low. If the audio note is loud 
in volume, the r-f energy is increased and 
decreased by a larger percentage than if the 
audio note were soft. Thus, the r-f variations 
correspond with the a-f variations. 

A microphone or a similar device is used 
to produce the electrical equivalent of the audio 
signal. The signal is then amplified by means 
of an a-f amplifier before it is fed to the 
modulator. Because of the importance of micro- 
phones in the communications chain a brief 
description of some of the more common micro- 
phones, together with their characteristics, 
follows. 

MICROPHONES 

A microphone is essentially an energy con- 
verter that changes acoustical (sound) energy 
into corresponding electrical energy. When one 
speaks into a microphone, the audio pressure 
waves strike the diaphragm of the microphone 
and cause it to move in and out in accordance 
with the instantaneous pressure delivered to it. 
The diaphragm is attached to a device that 
causes current to flow in proportion to the in- 
stantaneous pressure applied to the diaphragm. 
Many devices can perform this function, each 
having characteristics that make its use ad- 
vantageous under a given set of circumstances. 

Most microphones, with the exception of the 
carbon microphone, are relatively inefficient— 
that is, the output in electrical energy is 
considerably less than the input in acoustical 
energy. Some, however, are more efficient than 
others; and some have a better frequency re- 
sponse than others. The characteristics of 
microphones, therefore, will be discussed before 



the various types of microphones are discussed. 
Microphones are rated according to their (1) 
frequency response, (2) impedance, and (3) 
sensitivity. 

Frequency Response 

For good quality, the electrical waves from 
a microphone must correspond closely in mag- 
nitude and frequency to the sound waves that 
cause them, so that no new frequencies are 
introduced. The frequency range of the micro- 
phone (that range of frequencies over which the 
microphone is capable of responding) must be 
no wider than the desired over-all response 
limits of the system with which it is to be used. 
The microphone response should be uniform, 
or flat, within its frequency range and free from 
sharp peaks or dips such as those caused by 
mechanical resonances. To aid in attaining 
this condition, some form of damping may be 
employed. 

Impedance 

Crystal microphones have impedances of 
several hundred thousand ohms; whereas mag- 
netic and dynamic microphones have impedances 
that range from 20 to 600 ohms. The im- 
pedance of a microphone is usually measured 
between its terminals when some arbitrary 
frequency in the useful audio range— for example, 
1,000 cycles— is used. 

The impedance of magnetic and dynamic 
microphones varies with frequency in much the 
same manner as that of any coil or inductance— 
that is, the impedance rises with increasing 
frequency. The actual impedance of a micro- 
phone is of importance chiefly as it is related 
to the load impedance into which the micro- 
phone is designed to operate. If the load has 
a high impedance, the microphone should have 
a high impedance, and vice versa. Of course, 
impedance- matching devices may be used be- 
tween the microphone and its load. 

A long transmission line between the micro- 
phone and the amplifier input tends to seriously 
attenuate the high frequencies, especially if the 
impedance of the microphone is high. This 
action results from the increased capacitive 
effect of the line at the higher frequencies. If 
the microphone has a high impedance the high- 
frequency currents drawn through the inherent 
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capacity of the line cause an increased voltage 
loss within the microphone, and therefore less 
voltage is available at the load. Because the 
voltage generated by the microphone is very 
minute, all losses in the microphone and the 
line must be kept to a minimum. At the lower 
frequencies the capacitive effect is less and the 
losses are correspondingly less. If the micro- 
phone has a low impedance a correspondingly 
lower voltage drop will occur in the micro- 
phone and more voltage will be available at the 
load. 

Because many microphone lines aboard ship 
are long, it is necessary to use low- impedance 
microphones in order to preserve a satisfactory 
signal voltage level over the required audio 
band at the input grid of the amplifier. Be- 
cause the crystal microphone is essentially a 
capacitor, the length of the transmission line 
used with this microphone will affect all audio 
frequencies equally. 

Sensitivity 

The sensitivity or efficiency of a micro- 
phone is usually expressed in terms of the 
electrical power level which the microphone 
delivers to a terminating load (the impedance 
of which is equal to the rated impedance of the 
microphone) compared to the acoustical intensity 
level or pressure of the sound energy that is 
being picked up. Because sound energy at the 
input is being compared with electrical energy 
at the output, some basis of comparison must 
be established. 

One method is to assume that a microphone 
has a sensitivity ofOdb (the level of comparison) 
if a force of 1 dyne per square centimeter on the 
diaphragm produces an output of 1 volt on open 
circuit. The pressure of 1 dyne per square 
centimeter was chosen because that is the ap- 
proximate pressure produced by normal speech 
on the diaphragm of a microphone held a few 
inches from the mouth. The usual method, 
however, is to assume that the 0 db level 
represents an input of 1 dyne per square 
centimeter (as in the first method) and an out- 
put of 1 milliwatt. If it is further assumed 
that the milliwatt is developed in 600 ohms, 
then dbm or volume units (vu) may be used. 
Decibels and the various power- level units 
are given in chapter 7, a power- level chart is 
shown in figure 7-11. 



Suppose a microphone is rated at -80 db. 
This rating means that the energy output is 
much less than the energy input. Actually, the 
output is 10~8 milliwatt for an equivalent input 
of 1 milliwatt, and this is equivalent to -80 db. 
This rating may be demonstrated by the use of 
the equation. 

db = 10 logic 9 

db = 10 logio = * 80 db - 

It is important to have the sensitivity of the 
microphone as high as possible. High sensitivity 
means a high electrical power output level for a 
given input sound level. High microphone output 
levels require less gain in the amplifiers used 
with them and thus provide a greater margin 
over thermal noise, amplifier hum, and noise 
pick-up in the line between the microphone and 
the amplifier. 

When a microphone must be used in a noisy 
location, an additional desirable characteristic 
is the ability of the microphone to favor sounds 
coming from a nearby source over random 
sounds coming from a relatively greater dis- 
tance. Microphones of this type tend to cancel 
out random sounds and to pick up only those 
sounds originating a short distance away. When 
talking into this type of microphone the lips 
must be held as close as possible to the dia- 
phragm. Directional characteristics also aid 
in discriminating against background noise. 

Carbon Microphone 

The carbon microphone is the most common 
type of microphone. It operates on the principle 
that a change in sound pressure on a diaphragm 
that is coupled to a small volume of carbon 
granules will cause a corresponding change in 
the electrical resistance of the granules. 

The single-button carbon microphone (fig. 
11-18, A) consists of a diaphragm mounted 
against carbon granules that are contained in 
a small cup. In order to produce an output 
voltage, this microphone is connected in a 
series circuit containing a battery and the 
primary of a microphone transformer. The 
pressure of the sound waves on the diaphragm, 
which is coupled to the carbon granules, causes 
the resistance of the granules to vary. Thus a 
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Figure 11-18.— Schematic diagram of carbon 
microphones. 

varying direct current in the primary produces 
an alternating voltage in the secondary of the 
transformer. This voltage has essentially the 
same waveform as that of the sound waves 
striking the diaphragm. The current through 
a carbon microphone may be as great as 0.1 
ampere, and the resistance may vary from about 
50 to 90 ohms. The voltage developed across 
the secondary depends upon the turns ratio and 
also upon the rate of change in primary current. 
Normal output voltage of a typical circuit is 
from 3 to 10 volts peak across the secondary 
terminals. 

The double-button carbon microphone is 
shown schematically in figure 11-18, B. Here 
one button is positioned on each side of the 
diaphragm so that an increase in pressure and 
resistance on one side is accompanied simul- 
taneously by a decrease in pressure and resist- 



ance on the other. Each button is in series 
with the battery and one-half the transformer 
primary. The decreasing current in one half 
of the primary and the increasing current in 
the other half produce an output voltage in the 
secondary that is proportional to the sum of 
the primary signal components. This action is 
similar to that of push-pull amplifiers 
(chapter 7). 

Commercial types of carbon microphones 
give essentially faithful reproduction from 60 
to 6,000 cycles, and their output is of the order 
of -50 db. 

The carbon microphone has the disadvantage 
of requiring an external voltage source; it may 
be noisy; and unless the necessary precautions 
are taken in the design the microphone tends 
to peak up (have mechanical resonance) at 
certain frequencies. 

Dynamic Microphone 

The dynamic, or moving- coil, microphone 
(fig. 11-19) consists of a coil of wire attached 
to a diaphragm and is so constructed that the 
coil is suspended and free to move in a radial 
magnetic field. Sound waves impinging on the 
diaphragm cause the diaphragm to vibrate. 
This vibration moves the voice coil through the 
magnetic field so that the turns cut the lines 
of force in the field. This action generates a 
voltage in the coil that has the same waveform 
as the sound waves striking the diaphragm. 

The dynamic microphone requires no ex- 
ternal voltage source, has good fidelity (approx. 
20 to 9,000 cycles with proper damping), is 
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Figure 11- 19. -Action of a dynamic microphone. 
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directional for high-frequency sounds, and has 
an output of the order of -85 db. The impedance 
of the dynamic microphone is low (50 ohms or 
less). Therefore, it may be connected to 
relatively long transmission lines without ex- 
cessive attenuation of the high frequencies. 

Crystal Microphone 

The crystal microphone utilizes a property 
of certain crystals— such as quartz and Rochelle 
salt-known as the PIEZOELECTRIC EFFECT, 
treated in chapter 8. The bending of the crystal, 
resulting from the pressure of the sound wave, 
produces an emf across the faces of the crystal. 
This emf is applied to the input of an amplifier. 

The crystal microphone (fig. 11-20) consists 
of a diaphragm that may be cemented directly 
on one surface of the crystal (fig. 11-20, A), or 
in some cases it may be connected to the crystal 
element through a coupling member (fig. 11-20, 
B). A metal plate, or electrode, is attached to 
the other surface of the crystal. When sound 
waves strike the diaphragm, the vibrations of 
the diaphragm produce a varying pressure on 
the surface of the crystal, and therefore an emf 
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Figure 11-20.— Schematic diagrams of crystal 
microphones. 



is induced across the electrodes. This emf has 
essentially the same waveform as that of the 
sound waves striking the diaphragm. 

Rochelle salt is most commonly used in 
crystal microphones because of its relatively 
high voltage output. Schematic diagrams 
showing how crystal microphones function are 
given in figure 11-20. 

Actually, a large percentage of crystal 
microphones employ some form of the bimorph 
cell. In this type of cell two crystals, so cut 
and oriented that their voltages will be additive 
in the output, are cemented together and used 
in place of the single crystal. 

This type of microphone has high impedance 
(several hundred thousand ohms), is light in 
weight, requires no battery, is nondirectional. 
has good frequency response (up to 17,000 cps 
for the directly actuated type and between 80 
to 6,000 cps for the diaphragm type), and has 
an output of tl>e order of -70 db. However, the 
crystal microphone is sensitive to high tempera- 
ture, humidity, and rough handling and therefore 
its use is restricted where these conditions 
prevail. Nevertheless, it is used extensively in 
broadcast work where its relatively high output 
is an advantage. 

Magnetic Microphone 

The magnetic, or moving- armature, micro- 
phone (fig. 11-21) consists of a permanent mag- 
net and a coil of wire enclosing a small armature. 
Sound waves impinging on the diaphragm cause 
the diaphragm to vibrate. This vibration is 
transmitted through the drive rod to the arma- 
ture, which vibrates in a magnetic field, thus 
changing the magnetic flux through the arma- 
ture and consequently through the coil. 

When the armature is in its normal position 
midway between the two poles, the magnetic 
flux is established across the air gap, and there 
is no resultant flux in the armature. 

When a compression wave strikes the dia- 
phragm, the armature is deflected to the right. 
Although a considerable amount of the flux 
continues to move in the direction of the ar- 
rows, some of it now flows from the north pole 
of the magnet across the reduced gap at the 
upper right, down through the armature, and 
around to the south, pole of the magnet. The 
amount of flux flowing down the left-hand pole 
piece is reduced by this amount. 
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When a rarefaction wave strikes the dia- 
phragm, the armature is deflected to the left. 
Some of the flux is now directed from the north 
pole of the magnet, up through the armature, 
through the reduced gap at the upper left, and 
back to the south pole. The amount of flux now 
moving up through the right-hand pole piece is 
reduced by this amount. 

Thus, the vibrations of the diaphragm cause 
an alternating flux in the armature. The al- 
ternating flux cuts the stationary coil wound 
around the armature and induces an alternating 
voltage in the coil. This voltage has essentially 
the same waveform as that of the sound waves 
striking the diaphragm. 

The magnetic microphone is the type most 
widely used in shipboard announcing and com- 
municating systems because it is more resistant 
to vibration, shock, and rough handling than other 
types of microphones. 

There are other types of microphones, such 
as the ribbon velocity microphone and the capac- 
itor microphone, that are treated in the rating 
texts. All of the foregoing microphones may 
be used for radiotelephone broadcast, but the 
circumstances usually limit the choice to one 
or two types. 



CIRCUITS OF AN A-M RADIO- 
TELEPHONE TRANSMITTER 

The block diagram of a simple a-m radio- 
telephone transmitter is shown in figure 11-22. 
The oscillator, buffer stage, and power ampli- 
fier closely resemble the c-w transmitter. 
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Figure 11-22. — Block diagram of an a-m radio 
telephone transmitter. 

In figure 11-17 the c-w transmitter is keyed 
by opening and closing the cathode circuit of 
oscillator VI, which turns the r-f output of V2 
and V3 off and on. If it is desired to vary the 
output of the transmitter instead of merely 
turning it off and on, the voltage on one of the 
elements of the final r-f power- amplifier tube, 
V3, may be varied. For example, if the plate 
voltage of V3 were varied at the audio- frequency 
rate, the output of the amplifier, and hence of 
the transmitter, would be varied at the same 
rate. This method, known as PLATE MODULA- 
TION, is used in the following example and is 
the most popular type of amplitude modulation. 
Plate modulation is discussed in greater detail 
in chapter 10. 

In order to vary the plate voltage of the 
final r-f amplifier it is necessary first to 
produce an audio voltage. An audio voltage 
may be produced with a microphone. The output 
of a microphone is, however, very low (usually 
less than 1 volt), while the plate voltage of the 
r-f amplifier is quite high. The insertion of a 
small audio voltage in series with a high plate 
voltage would result in only a small variation 
of the plate voltage. 

It is necessary, therefore, to amplify the 
electrical output of the microphone before it 
is applied in series with the plate of the final 
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r-f power amplifier. This amplification is ac- 
complished in three units of the block diagram 
of figure 11-22. These units are the speech 
amplifier, the driver, and the modulator. The 
output of the microphone is fed to the grid of 
VI, a class-A voltage amplifier pentode (fig. 
11-23), which is the input tube of a two- tube 
speech amplifier. Voltage amplifier V2A and 
phase inverter V2B provide push pull output to 
the driver unit (V3), which further amplifies 
the audio signal to drive the audio modulator 
tubes (V4 and V5). The output voltage of the 
modulator tubes is fed in series with the plate 
supply voltage of the final r-f power amplifier 
of the transmitter. The modulator can be any 
type of audio power amplifier capable of pro- 
viding sufficient undistorted power. Thus, it 
may be a class-A, class- AB, or class-B ampli- 
fier. In this example it is a class- AB push-pull 
stage. 

The power supply unit includes the necessary 
transformers, rectifiers, and filters, to supply 
the filaments, plates, screens, and grid-bias 
voltages from a single-phase 11 7- volt 60- cycle 
source. 

The output of the modulator unit may be 
applied in series with the plate of the final r-f 
power amplifier (shown in fig. 11-17 below M5). 

In the absence of a modulating signal, a con- 
tinuous r-f wave is radiated by the antenna. 
Assume that an audio voltage of sine waveform 



is applied across Rl to the grid of VI. The 
amplified signal appears across plate resistor 
R4 and is coupled to the grid of V2A through C4. 
The amplified signal is applied to the grid of 
driver V3A through C6, and a part of it is 
applied to the phase-inverter stage, V2B, by- 
means of the tap on RIO. The amplified signal 
from V2B is simultaneously applied via C8 to 
the grid of V3B in opposite phase to that 
applied to the grid of V3A. The driver stage 
(V3A and V3B) provides excitation for the 
grids of modulator tubes V4 and V5 through 
impedance- matching transformer Tl. 

The push-pull amplifier (V4 and V5) develops 
a relatively large audio output voltage across 
the secondary of modulation transformer T2 
to amplitude- modulate the carrier output 100 
percent. The following three relationships exist 
in the case of 100-percent modulation. 

1. The modulation is 100 percent when the 
peak value of the audio voltage across the 
secondary of transformer T2 is approximately 
equal to the plate supply voltage of V3 (fig. 
11-17) that appears across resistor R9. The 
degree of modulation depends on the volume of 
sound striking the microphone, which in turn 
determines the magnitude of the audio signal 
voltage developed across Rl- the grid input to 
VI (fig. 11-23). 

2. The modulation is 100 percent when the 
energy supplied to the final r-f amplifier by 




Figure 11-23.— Schematic diagram of a speech amplifier, driver, and modulator. 
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modulation transformer T2 is equal to one-half 
the r-f energy delivered to the final tank by 
the high- voltage power supply. (T5, V6, and 
V7 in fig. 11-17). The mixing of the a-f voltage 
from T2 (fig. 11-23) with the r-f voltage developed 
across final tank coil L7 (fig. 11-17) produces 
side-band frequencies (sum and difference fre- 
quencies) that are coupled into the antenna 
circuit by the mutual inductance existing between 
L7 and the coupling coil L8 of the antenna. 

3. The modulation is 100 percent when the 
r-f energy delivered to the antenna (as a result 
of the injection of the a-f voltage from T2) is 
increased 50 percent above the amount delivered 
to the antenna when no audio signal is present. 
This condition represents an increase of 22.5 
percent in the antenna current. Thus, the 
antenna r-f ammeter (not shown) may be used 
as a modulation indicator. 

In this example there are four frequencies 
present in the final tank (C15, C16, and L7 
of fig. 11-17). These are (1) the crystal fre- 
quency, (2) the audio frequency, (3) the sum 
of these two frequencies, and (4) the difference 
between these two frequencies. All except the 
audio frequency are coupled into the antenna 
circuit. The audio frequency is so far removed 
from the carrier and its associated side bands 
that the mutual inductive coupling between 
L7 and L8 for this frequency is effectively 
zero. 

The details of adjustment and operation of 
both a-m and f-m transmitters are included 
in instruction books on these equipments. 

FREQUENCY-MODULATED RADIOTELEPHONE 
TRANSMITTER 

Intelligence may be also be conveyed by 
varying the frequency of a continuous radio 
wave of constant amplitude. The carrier fre- 
quency can be varied a small amount on either 
side of its average, or assigned, value by 
means of the a-f modulating signal. The amount 
the carrier is varied depends on the magnitude 
of the mpdulating signal, and the frequency 
with which the carrier is varied depends on the 
frequency of the modulating signal. The ampli- 
tude of the r-f carrier remains constant with 
or without modulation. 

A radio receiver that is sensitive only to 
variations in the frequency of the incoming 
carrier and that discriminates to a large 



extent against variations in amplitude is used 
to receive the f-m signals. 

CIRCUIT OF AN F-M RADIO- 
TELEPHONE TRANSMITTER 

The block diagram of a narrow-band f-m 
transmitter is shown in figure 11-24. All 
power from the unit is obtained from a 115- 
volt 60- cycle source. The total drain is low 
enough so that the power may be taken from 
any convenient branch circuit outlet. 



CRYSTAL 

OSCILLA- 
TOR 



AUDIO 
INPUT 



MO0UIA- 
















POWER 


TOR 
















AMPLIFIER 



FREQUENCY MULTIPLIERS 



POWER 

SUPPLY 



TO RECEIVER 



Figure 11-24. — Block diagram of a narrow- 
band f-m transmitter. 



Oscillations are produced in the crystal- 
oscillator stage, the output of which is fed to 
a phase- shift network that supplied the grid 
voltage of the modulator tubes. The phase 
of the output voltage of the modulator varies 
in accordance with the input signal from the 
microphone. The phase shift is equivalent to 
to a relatively low deviation of the output 
signal frequency of the modulator stage. 

The frequency of the output of the modulator 
stage is quadrupled in the first multiplier stage, 
again quadrupled in the second multiplier stage, 
and doubled in the last multiplier the output 
of which drives the power-amplifier stage, 
which consists of two beam-power tubes in 
parallel. To obtain the final operating frequency, 
the crystal frequency is multiplied by 32. 

A schematic drawing of the narrow- band 
f-m transmitter, shown in the block diagram 
in figure 11-24 is shown in figure 11-25. For 
convenience in making adjustments, a meter, 
Ml, and meter switch, Si, are provided on the 
chassis to indicate the grid- circuit of each 
stage. 

With the exception of the first, the position 
numbers on the meter switch correspond with 
the numbers on the tops of the r-f transformers. 
For example, r-f transformer T2 is tuned for 
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maximum current through the meter when the 
meter switch is in position 2. The transmitter 
employs the phase- shift method of obtaining 
frequency deviations. This method is discussed 
in chapter 10. 

This transmitter exhibits characteristics 
that differ from those of the usual a-m type 
of transmitter. Intelligence is conveyed in 
the f-m transmitter by varying the frequency 
of the constant- amplitude carrier wave about 
an average assigned value. This process is in 
marked contrast with the amplitude- modulated 
transmitter previously described in which intel- 
ligence is conveyed by varying the amplitude 
of the constant-frequency carrier wave. 

The phase -shift method of obtaining fre- 
guency deviations in this f-m transmitter 
permits direct crystal control of the average 
carrier frequency. Frequency multiplication 
after modulation is necessary in order to 
generate the required frequency deviation of 
i 15kc on either side of the carrier. 

OPERATION 

Crystal oscillator VI is a pentode connected 
as a triode and operated as a. conventional 
triode crystal oscillator. The crystal is of 
the low- drift AT- cut type and operates at 
the 32nd subharmonic of the output frequency. 
The output- frequency range is from 30 to 40 
megacycles, and thus the crystals that are 
used range in frequency from 937.5 kc to 
1,250 kc. The crystal oscillator utilizes a 
resistance- coupled circuit so that no oscillator 
tuning is necessary when changing crystals. 
The crystal is connected between the grid and 
plate of VI, and R2 acts as the plate- circuit 
load. 

The control grids of the two balanced modu- 
lators, V2 and V3 are driven from the plate 
of the r-f oscillator through a phase- shifting 
network that displaces their associated r-f 
drivinc: voltages by 90°. 

The plate currents of V2 and V3 are about 
90° out of phase and equal in magnitude because 
the driving voltages from the oscillator are 
equal when there is no modulating signal on the 
number 4 grids of the tubes. The two plate 
currents add vectorially to produce a resultant 
current in T2 that is approximately 45° out of 
phase with each component. The output voltage 



of T2 varies in phase and magnitude with this 
resultant current. 

When a modulating signal is applied to grid 
number 4 of V2 and V3, the plate currents are 
varied about the average values they would 
have if no modulation were present. For 
example, as grid number 4 of V2 swings in a 
positive direction the plate current of V2 
increases. Simultaneously the voltage on grid 
number 4 of V3 swings in a negative direction, 
and the plate current of V3 decreases. 

Because these two currents are 90° out of 
phase, the resultant current (their vector sum) 
changes its phase with respect to the compo- 
nents as the components change in magnitude. 
Thus the current in T2, and the output voltage 
of T2, change in phase with the modulating 
signal. This change in phase is equivalent to 
a limited change in frequency occurring during 
the time that the output voltage phase shift 
is occurring. 

The modulator grids of V2 and V3 are con- 
nected to the secondary of push-pull audio 
transformer T6. This transformer is driven 
directly from the microphone. 

The modulator grids are fed through the 
frequency correcting networks R10C7andR5C5. 
These R-C combinations attenuate the a-f range 
(above 2,000 cycles) so that excessive frequency 
deviation is not obtained. Resistors R31 and 
R32 are terminating resistors for the secondary 
of microphone transformer T6. Cathode bias is 
obtained across R9 and C8. Rll and R12 are 
screen voltage dropping resistors and C10 
and C9 their respective screen bypass 
capacitors. 

The phase shift depends on the ratio of the 
signal strength of the carrier to the modulating 
signal strength. A ratio of 2 to 1 is equivalent 
to about 0.5 radian, or 30°, phase shift. The 
frequency shift is equal to the product of the 
modulating frequency and the phase- shift angle 
in radians. 

Frequency Multipliers 

The frequency deviation that may be produced 
by the balanced modulator stage, V2 and V3, 
is small— usually not more than half the modu- 
lating frequency, since the phase -shift angle is of 
the order of 0.5 radian. To get sufficient devi- 
ation (±15 kc) the frequency of the modulated 
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wave is multiplied by 32. As mentioned previ- 
ously, this multiplication is accomplished by 
two quadruplers, V4 and V5 and a doubler, 
V6. All of these tubes act as class- C ampli- 
fiers with the plate tanks tuned to either the 
second or fourth harmonic of their respe tive 
grid signals. The grid drive in each case is 
such that plate current is well above saturation 
so that slight changes in tuning or reduction in 
tube emission have little effect on succeeding 
stages. All stages up to this point use receiving- 
type tubes working at relatively low plate and 
filament currents. 



Power Amplifier 

The power amplifier utilizes two beam- 
transmitting tubes, V7 and V8, in parallel 
as a elass-C amplifier. Grid-leak bias is 
used; and, as in the previous stages, grid 
current is metered for alignment and testing 
The plate tank and antenna circuit is of the 
pi-type for harmonic suppression and ease of 
adjustment. This circuit consists of plate 
tuning capacitor C31, tank coil L7, and antenna 
loading capacitor C32. The output is fed through 
blocking capacitor C33 to antenna relay RL2. 



204 



CHAPTER 12 

TRANSMISSION LINES 



The transmission line (or antenna feedline, 
as it is assumed to be in this chapter) conducts 
or guides electrical energy from the input, or 
transmitter, end of the line to output, or 
antenna, end of the line. If this function is 
to be performed with a minimum loss, such 
elements as impedance matching and line losses 
must be considered. 

Transmission lines may be classified as 
resonant or nonresonant lines, each of which 
may have advantages over the other under a 
given set of circumstances. There are various 
types of transmission lines such as the parallel 
two-wire line, the twisted pair, the coaxial line, 
and waveguides. The use of a particular type 
is dependent on the frequency, the voltage, the 
amount of power, the efficiency required, or the 
kind of installation to be used. 

Resonant lines may have important uses other 
than the transmission of power. Among other 
uses, they may be employed as impedance- 
matching devices, phase shifters, and inverters, 
wave filters and chokes, and oscillator fre- 
quency controls. 

Of primary importance in the study and appli- 
cation of transmission lines is the characteristic 
impedance of the line. 

CHARACTERISTIC IMPEDANCE 
OF A TRANSMISSION LINE 

In conventional circuits that contain induc- 
tors and capacitors, the inductance and capa- 
citance are present in definite ' lumps." In 
an r-f transmission line, however, these quan- 
tities are distributed throughout the entire line 
and cannot be separated from each other. 

The characteristic impedance (or surge im- 
pedance) of a transmission line having infinite 
length is the impedance in ohms at the operating 
frequency, presented by the line to the source 
feeding the line. This impedance across the in- 
put of a theoretically infinite line has a very 
valuable use. If a load equal to this impedance 
is connected to the output end of the line, regard- 
less of the length of the line, the impedance pre- 



sented to the source by the input terminals of 
the line is still equal to the characteristic im- 
pedance of the transmission line. Only one value 
of impedance for any particular type and size 
of line acts in this way. 

A section of two-wire transmission line of 
unit length has a certain amount of resistance 
(no material is a perfect conductor) that varies 
directly with the length and inversely with the 
cross sectional area of the conductor. 

The same section of line has the property 
of distributed inductance. This property exists 
because of magnetic flux linkages which are 
established within the section when current 
flows. For example, an open line composed of 
two No. 12 conductors spaced 6 inches apart has 
an inductance of approximately 0.6 microhenry 
per foot. 

This section of line also has the property 
of capacitance because the two wires, separated 
by a dielectric, act as the two plates of a 
capacitor. The capacitance of the two-wire line 
in the previous example is approximately 1.7 
micromicrofarads per foot. 

Finally, the transmission line of unit length 
has leakage resistance in the path through the 
insulating material that separates the two con- 
ductors (no substance is a perfect insulator). 
For convenience in working out problems dealing 
with longer lines, this property usually is ex- 
pressed as the reciprocal of the leakage resist- 
ance, which is conductance. The conductance is 
of the order of a few micromicromhos per foot. 

Resistance Rl andR2, inductances LI and L2, 
capacitance C, and conductance G of a unit length 
of two- wire transmission line are shown in figure 
12-1, A. In many cases the effect of conductance 
G is very small compared with that produced by 
the inductance and capacitance and may therefore 
be neglected. Conductance G and resistances R 1 
and R2 in figure 12-1, B are omitted and LI and 
L2 are treated as if they were in one side of the 
transmission line. 
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Figure 12-1. — Equivalent circuits of a two- 
wire transmission line of unit length. 

In any circuit such as the one shown in figure 
12-1, some current will flow if a voltage is 
applied across terminals A and B. The ratio of 
the voltage to the current is the impedance, Z— 

that is, Z=y • The impedance presented to the 

input terminals of a transmission line is much 
more than the simple resistance of the wires in 
series with the impedance of the load. The effects 
of series inductance and shunt capacitance dis- 
tributed along the line are appreciable at the 
relatively high operating frequency and con- 
stitute the principal components of the equiva- 
lent network. 

The formula for the characteristic impedance 
as a function of the L and C of a unit length of 
transmission line may be determined from the 
simplified equivalent T-network circuit shown in 
figure 12-l.B. The conductor resistance and 
the insulation leakage conductance are low and 



considered negligible, hence are not shown in 
the figure. The distributed inductance of the 
line is divided equally in two parts in horizontal 
arms of the T. The distributed capacitance of 
the line is lumped in one value in the central 
leg of the T. The line is terminated in a 
resistive load having a value equal to that of 
the characteristic impedance of the line as seen 
looking into the T-network terminals, A and B. 

The impedance, Zq, looking into the T- 
network terminals, AB, is 
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If both sides of this equation are multiplied 
by the denominator of the right-hand side, the 
result is 
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If the transmission line is to be accurately 
represented by an equivalent network, the T- 
network section of figure 12-1, B must be re- 
placed with an infinite number of similar sec- 
tions. Thus, the distributed inductance of the 
line will be divided into n sections, instead of 
2 as indicated in the last term of the preceding 
formula. As the number of sections approaches 

( z i\ 

infinity, the last term, I — J, will approach zero 



as a limit— that is, as n 




Therefore, 

F2»r/C 

and 

The last formula indicates that the charac- 
teristic impedance depends on the distributed in- 
ductance and capacitance of the line. An increase 
in the separation of the wires increases the in- 
ductance and decreases the capacitance. This 
effect takes place because the effective induc- 
tance is proportional to the flux which may be 
established between the wires. If the two wires 
carrying current in opposite directions are 
placed farther apart, more magnetic flux is 
included between them (they cannot cancel their 
magnetic effects as completely as they could 
if the wires were closer together) and the dis- 
tributed inductance is increased. The capaci- 
tance is of course lowered if the plates of the 
capacitor (in this case the plates ■ are the two 
wires) are more widely separated. 

Thus, the effect of increasing the spacing 
of the wires is to increase the characteristic 

impedance, because the ^ ratio is increased. 

Similarly, a reduction in the diameter of the 
wires also increases the characteristic imped- 
ance. The reduction in the size of the wire af- 
fects the capacitance more than the inductance, 
for the effect is equivalent to decreasing the size 
of the plates in a capacitor in order to decrease 



the capacitance. Any change in the dielectric 
material between the two wires also changes the 
characteristic impedance. Thus, if a change 
in dielectric material increases the capacitance 
between the wires, the characteristic impedance 
is reduced. 

The characteristic impedance of a two-wire 
line with air as the dielectric may be obtained 
from the formula 

z o = 2761 °eiol 

where b is the spacing between the centers of 
the conductors and a is the radius of one of the 
conductors. 

The characteristic impedance of a concentric, 
or coaxial, line also varies with L andC. How- 
ever, because the difference in construction of 
the two lines causes L and C to vary in a 
slightly different manner, the following formula 
must be used in determining the characteristic 
impedance of the concentric line: 

z o = 1381 °W 

where b is the inner diameter of the outer con- 
ductor and a is the diameter (or the outer 
diameter if a hollow tube is used) of the inner 
conductor. 

WAVE MOTION ON AN INFINITE LINE 

Figure 12-2 shows sine waves of voltage and 
current that travel at high speed along a two- 
wire transmission line of infinte length. Be- 
cause this is a line of infinite length, no re- 
flections occur; therefore, the voltage and the 
current are in phase with each other everywhere 
along the line. Because of line losses, the 
curves diminish in amplitude as the waves pro- 
gress along the line. If a voltage is impressed 
on a line such as this, an electric field will be 
established between the wires. Likewise, cur- 
rent will flow in the wires, and a magnetic field 
will be established around each wire. These two 
fields constitute an electromagnetic wave that 
travels down the wire at a velocity somewhat 
less than that of light. 

Figure 12-2 illustrates what would happen 
if the voltage and current could be stopped 
for an instant in time. An instant later all 
waves would have moved to the right a slight 
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Figure 12-2. — Traveling waves of current 
and voltage on a line of infinite length. 

amount. In this figure the waves are stopped 
at the instant when the alternating source 
voltage has just reached zero. 

Traveling waves exist on the line because 
it takes a certain amount of time to propagate 
them down the line. The production of these 
waves may be better understood from the fol- 
lowing considerations. First of all, it must be 
understood that the waveforms shown in figure 
12-2 are "stopped" for an instant in time and 
the observer examines the entire train of waves 
along the line. Assume that at a given instant 
the voltage at the generator terminals is zero. 
An instant later one terminal becomes more 
positive and the other becomes more negative. 
The electric field between the wires increases 
in strength; the current and also the magnetic 
field increase proportionately. The perpendi- 
cular distance from any point along the wire to 
the current curve (fig. 12-2) indicates the rela- 
tive magnitude and direction of the current at 
that point. The perpendicular distance from any 
point along the voltage axis to the voltage curve 
represents the relative magnitude and polarity 
of the voltage across the line at the correspond- 
ing location. 

At 90° in the electrical cycle the electric 
and magnetic field are at their maximum, and 
from 90° to 180° they decrease in amplitude to 
zero. At 180° the voltage at the generator 
terminals reverses polarity, and the electric 
field between the wires reverses direction. 
Similarly, the current reverses direction, and 
this causes the magnetic field to reverse direc- 



tion. The fields increase in strength from 180° 
to 270°, and then decrease in strength to zero 
at 360°. These electric and magnetic impulses 
do not return to the generator once they start 
down a line of infinite length. 

The characteristics of a theoretically in- 
finite line may be summarized as follows: 

1. The voltage and current are in phase 
throughout the line. 

2. The ratio of the voltage to the current 
is constant over the entire line and is known 
as the CHARACTERISTIC IMPEDANCE. 

3. The input impedance is equal to the 
characteristic impedance. 

4. Since the voltage and current are in phase, 
the line operates at maximum efficiency. 

5. Any length of line can be made to appear 
like an infinite line if it is terminated in its 
characteristic impedance. 

LINE REFLECTIONS 

If a transmission line is infinitely long, 
or if it is terminated in its characteristic 
impedance, reflections do not occur. However, 
if there is an abrupt discontinuity in the line 
(such as an open circuit or a short circuit) 
complete reflection will occur. A discontin- 
uity of less importance (such as a poorly made 
splice) will cause some reflection, the amount of 
reflection depending on the value of the resis- 
tance at the splice. In this section, the discus- 
sion of reflection will be limited to the two 
extreme conditions— that is, to open-and closed- 
end lines. 

OPEN-END LINES 

One type of r-f transmission line is the open- 
end line, in wh|ch the impedance at the output 
end can be considered as practically infinite 
because no load is attached. When energy is 
applied to the generator end, the first surge 
consists of a wave of current and a wave of 
voltage that sweep down the line in phase with 
each other— that is, their positive maxima are 
together. The initial current and voltage waves 
must travel down the line in phase because the 
characteristics of the line are the same as those 
of a line that is truly infinite WHILE THE 
INITIAL WAVE IS TRAVELING TOWARD THE 
OUTPUT END. The in-phase condition of these 
waves can be changed only when they encounter 
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a difference in the impedance between the two 
wires of the line, and reflections occur. Thus, 
when the wave of current reaches the 
open- circuited output end (terminal point) of 
the line the current must collapse to zero. 
When the current wave collapses, the magnetic 
field that was set up by it also collapses. The 
collapsing magnetic field cuts the conductors 
near the output end and induces additional volt- 
age across the line. This voltage acts, in a 
way, like a reverse generator and sets up new 
current and voltage waves that travel back along 
the line toward the input end. 

An open-end transmission line one wave- 
length long and having no attenuation is shown in 
figure 12-3, A. It should be pointed out that all 
of the waveforms shown are instantaneous values 
that exist along a transmission line. These 
curves are unlike conventional sine curves in 
which distance along the X axis represents lapse 
in time from the origin, proceeding to the right. 
Instead, these curves represent instantaneous 
values of current or voltage as they exist all 
along the line for the same instant of time. 
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Figure 12-3. — Formation of standing waves 
on an open- end transmission line one 
wavelength long. 



Although only four positions of the generator 
voltage vector are shown, the picture could be 
made more complete by showing the waveforms 
at 45° intervals. At intervals of 45 °betweenthe 
generator positions shown— for example, at 45° 
135°, 225°, and 315 -the instantaneous values 
of the resultants will be 0.707 of their maximum 
values. The line is represented twice (fig. 
12- 3, A) in order to orient it properly with 
respect to the waves of voltage and current. 
These waves are shown separately (fig 12-3, B 
and C) in order to simplify the analysis, al- 
though in reality they both appear simultaneously 
along the same transmission line. 

Voltage Standing Waves 

It is assumed that in part(j)of figure 12-3, 
B, the generator voltage vector has gone through 
at least two complete revolutions so that the 
voltage wave as had time to travel down the 
line and return to the generator end. The 
waveforms are stopped in time in this figure at 
the instant that the generator voltage vector is 
at the zero position. 

It may be observed that the initial voltage 
wave is reflected at the output end of the line 
in phase with the voltage wave that would have 
continued along the line in the original direction 
of travel if the line had been longer. For 
example, the dotted waveform extending slightly 
beyond the end of the line in part (1) indicates 
that the incident wave would have started going 
negative. Therefore, the reflected wave will 
start back in a negative direction. At the 
instant in time being considered here the in- 
cident and reflected wave add vectorially to 
give a zero resultant wave. 

Ninety degrees later (part (2) of figure 12-3, 
B) the incident and reflected waves are in 
phase and add vectorially to give the resultant 
voltage wave, as shown. At 180° (part (3)). 
the resultant voltage is again zero; and at 
270° (part (§)), the incident and reflected waves 
are once again in phase, and the resultant volt- 
age wave is shown 180° out of phase with the 
resultant wave in part (2). 

Next, consider the voltage variations across 
the line that occur with respect to time at 
certain locations along the line. At point a, 
the voltage is zero (part (I)), then maximum in 
one direction (part (2)), then zero again (part 
(3)), and finally maximum in the other direction 
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(part (3)). This is true also at points c and e; 
at points b and d the voltage is always zero. A 
suitable voltage- indicating device (to be dis- 
cussed later in the chapter) located at a, c, or 
e will indicate voltage loops (points of maximum 
voltage); and at b and d the device will indicate 
voltage nodes (points of minimum voltage). 

Standing waves of voltage are shown in part 
(5) of figure 12-3, B. This curve represents 
effective values of voltage at the various points 
along the line. These values are actually the 
effective values of the sinusoidal voltage vari- 
ations occurring across the line at points where 
the measurements are being made. Thus, at 
point c the voltage will be zero at one instant 
of time (part(T)), then it will build up to a maxi- 
mum with one polarity (part (f) I then it will 
become zero (part®), and finally it will build 
up to a maximum with the opposite polarity 
(part ® ). 

Current Standing Waves 

Standing waves of current are shown in figure 
12-3, C. They are occurring simultaneously with 
the voltage waves on the transmission line, but 
they are shown here separately in order to 
simplify the figure. The initial current wave is 
reflected at the output end of the line 180° out of 
phase with the current wave that would have 
continued along the line in the original direction 
of travel if the line had been extended. (See 
dotted-line extensions.) In other words, the 
reflected current reverses direction at the open 
end of the line and is shown 180° out of phase 
with the incident wave except when the incident 
and reflected waves have zero values at the end 
of the line (0°, 180°, and so forth). This rever- 
sal is opposite to the condition for voltage, be- 
cause the reflected voltage wave has the same 
polarity that the incident wave would have if it 
continued down the extended line in the direction 
of travel. (See dotted-line extensions.) 

Because the incident and reflected current 
waves are 180° out of phase at the open end of 
the line, they cancel at this point and the re- 
sultant current at the open end is always zero. 
The rotating vectors at the left of the figures 
indicate the generation of sine waves of both 
voltage and current. At b the incident and re- 
flected current waveforms combine to produce 
a current loop (maximum current); the same is 
also true at point d. At a, c, and e the incident 



and reflected waveforms combine to produce 
current nodes (points of zero current). 

In part (2) of figure 12-3,C, the current vector 
has rotated 90 degrees. Combining the incident 
and reflected waves at this instant gives a re- 
sultant current waveform that has an ampli- 
tude of zero throughout the entire length of the 
line. In part (3) of the figure the current vector 
has completed 180° of its cycle. Again com- 
bining the incident and reflected waves at this 
instant gives a resultant current that has a 
maximum amplitude at points b and d although 
the direction of the current is opposite to that 
in part 1 at these points. In part® the result- 
ant current is again zero all along the line. 

Part© of figure 1 2-3.C, is a plot of the effec- 
tive values of current at the various points along 
the line. These current values are actually the 
effective values of the resultant current varia- 
tions through the cycle at the respective points 
where the measurements are made. For ex- 
ample, at point b the current is maximum in one 
direction at one instant of time (part 0 then it 
becomes zero (part (2) ), then it builds up to a 
maximum in the opposite direction (part(|)), and 
finally returns to zero (part (4)). The effective 
value of this current variation is plotted at b in 
part (|) . 

CLOSED-END LINES 

In a closed-end line the voltage and current 
waveforms exchange places with respect to their 
locations in an open-end line. Thus, in figure 
12-3, A, if the line is closed at the end, part B 
becomes current standing waves and part C be- 
comes voltage standing waves. At the short- 
circuited end of the line (point e), the current 
varies from zero to a maximum in one direction 
and back to zero and a maximum in the other 
direction. The effective value of the current 
will therefore be a maximum at point e (a 
current loop). The voltage (E = IR) across the 
short circuit approaches zero because the resist- 
ance of the short circuit is negligible. 

A 3^ 

At ^-and-^-wavelengths from the shorted end. 

the effective current is a minimum at all times 

and the effective voltage is a maximum. At 

and X wavelengths from the shorted end, the ef- 
fective value of the current is a maximum and 
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the effective voltage is zero. The curves rep- 
resenting the variation of effective current and 
voltage along a shorted line are shown in figure 
12-4. 
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Figure 12-4.— Conventional picture of current 
and voltage standing waves on a closed- end 
line. 

NONRESONANT LINES 

A nonresonant line can be defined as a line 
that has no standing waves of current and voltage. 
Such a line is either infinitely long or is 
terminated in its characteristic impedance. Be- 
cause there are no reflections, all of the energy 
passed along the line is absorbed by the load 
(except for the small amount of energy dis- 
sipated by the line). The voltage and current 
waves are traveling waves that move in phase 
with each other from the source to the load. 

On lines carrying radio frequencies, the 
characteristic impedance is almost always pure 
resistance. Therefore, it is customary to say 
that a nonresonant line is terminated in a re- 
sistive load equal to the characteristic imped- 
ance of the nonresonant line. 

RESONANT LINES 

A resonant transmission line is one that has 
standing waves of current and voltage. The line 
is of finite length and is not terminated in its 
characteristic impedance, and therefore reflec- 
tions are present. 

A resonant line, like a tun^d circuit, is 
resonant at some particular frequency. The 
resonant line will present to its source of energy 
a high or a low resistive impedance at multiples 
of a quarter-wavelength. Whether the impedance 
is high or low at these points depends on whether 
the line is short- or open-circuited at the output 
end. At points that are not exact multiples of a 
quarter-wavelength, the line acts as a capacitor 
or an inductor. 



A resonant transmission line thus may as- 
sume many of the characteristics of a resonant 
circuit that is composed of lumped inductance 
and capacitance. The more important circuit 
effects that resonant transmission lines have in 
common with resonant circuits having lumped 
inductance and capacitance are as follows: 

Series Resonance— Resonant rise of voltage 
across the reactive circuit elements, and low 
impedance across the resonant circuit. 

Parallel Resonance— Resonant rise of cur- 
rent in the reactive circuit elements, and high 
impedance across the resonant circuit. 

RESONANCE IN OPEN-END LINES 

The open-end resonant line may be better 
understood by an analysis of figure 12-5. The 
transmission lines considered in this figure 
and in the following figure have no losses. If 
losses are present (and they are in a practical 
line), the voltage at voltage nodes is not zero; 
neither is the current zero at current nodes. 
However, in these figures losses are neglected 
in order to simplify the analysis. Figure 12-5 
illustrates the relation of voltage, current, and 
impedance for various lengths of open-end trans- 
mission lines. The impedance that the generator 
"sees" at various distances from the output end 
is shown directly above in the impedance curves. 
The curves above the letters (R, X^, Xc) of 
various heights indicate the relative magnitudes 
of the impedances presented to the generator 
for the various lengths of lines indicated. The 
letters themselves indicate the type of imped- 
ance offered at the corresponding inputs. The 
circuit symbols above the various transmission 
lines indicate the equivalent electrical circuits 
for the transmission line at that particular 
length (measured from the output end). The 

E 

curves of effective E and I whose ratio, -j- is 

the impedance, Z, are shown above each line. 

A 3\ 

At all ODD quarter-wavelength points f^. 

etc.j measured from the open end of the line, 

the current is a maximum and the impedance is 
a minimum. In addition, there is a resonant 
rise of voltage from the odd quarter- wavelength 
points toward the open end. Thus at all odd 
quarter-wavelengths points the open-end trans- 
mission line acts like a series resonant circuit. 
The impedance is therefore very low and is 
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Figure 12-5. — Impedance characteristics of open- end resonant lines. 
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prevented from being zero only by the small 
circuit losses. 

At all EVENquarter-wavelengthpoints -5, A, 

3A 

0 , etc. the voltage is a maximum, and there- 
fore the impedance is a maximum. A compari- 



son of this type of transmission line with an L-C 
resonant circuit shows that at even quarter- 
wavelengths (from the output end) the line acts 
like a parallel resonant circuit. 

In addition to acting as series or parallel 
L-C resonant circuits, resonant open-end lines 
also may act as nearly pure capacitances or 



Chapter 12— TRANSMISSION LINES 



inductances when the lengths of the lines are not 
an exact multiple of the fundamental quarter- 
wavelength corresponding to the frequency of the 
applied voltage at the input terminals. Figure 
12-5 shows that an open end line less than a 
quarter-wavelength long acts like a capacitance; 

between and -^wavelength, as an inductance; 
X 3X 

between and-^ wavelength, as a capacitance; 



between 



3X 



^ and X wavelength, as an inductance; 
and so forth. 



RESONANCE IN CLOSED-END LINES 

The closed-end line may likewise be studied 
with the aid of figure 12-6. At ODD quarter- 
wavelengths from the closed end of the line the 
voltage is high, the current low, and the imped- 
ance high. Because conditions are similar to 
those in a parallel resonant circuit, the shorted 
transmission line of odd quarter-wavelengths 
acts like a parallel resonant circuit. The voltage 
across a circuit of this type cannot exceed the 
applied voltage. 
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Figure 12-6.— Impedance characteristics of closed-end resonant lines. 
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At EVEN quarter- wavelength points (meas- 
ured from the shorted end) the voltage is a 
minimum, the current is a maximum, and the 
impedance is a minimum. Because this action 
is similar to series resonance in an L-C cir- 
cuit, a shorted transmission line of even quarter- 
wavelengths acts like a series resonant circuit. 

Resonant closed-end lines, like open-end 
lines, may also act as nearly pure capacitances 
or inductances when the length of the lines are 
not exact multiples of the fundamental quarter- 
wavelength corresponding to the frequency of the 
applied voltage at the input terminals. 

LINE TERMINATED IN A REACTANCE 

A line terminated in a resistance equal to its 
characteristic impedance normally has no re- 
flections present. However, if a transmission 
line is terminated in a reactance equal to its 
characteristic impedance or to any other imped- 
ance, standing waves are not eliminated. Figure 
12-7, A, shows the standing waves that exist on 
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a line terminated in a capacitive reactance equal 
to its characteristic impedance. Note that the 
last current loop is less than a quarter- 
wavelength from the capacitive termination of 
the line. With capacitive termination the volt- 
age and current distribution has essentially the 
same character as with the open-end line, except 
that the curves are shifted toward the output 
end of the line by an amount that increases as the 
capacitive reactance is reduced— that is, as the 
line approaches the closed-end condition of zero 
impedance. 

Figure 12-7,B, shows the standing waves 
that occur on a line terminated in an inductive 
reactance equal to the characteristic impedance. 
Note that the last voltage loop is less than a 
quarter- wavelength from the inductive termina- 
tion of the line. With inductive termination the 
voltage and current distribution has essentially 
the same character as with a short-circuited 
output, except that the curves are shifted toward 
the inductive termination by an amount that in- 
creases as the terminating inductive reactance 
approaches infinity— that is, as the line ap- 
proaches the open-end condition. 

STANDING-WAVE RATIO 

The ratio of the effective voltage at a loop 
to the effective voltage at a node, or the effect- 
ive current at a loop to the effective current at 
a node is called the STANDING-WAVE RATIO 
(SWR) of a transmission line. It is also equal 
to the ratio of the characteristic impedance of 
the line to the impedance of the load, or vice 
versa. When the line is terminated in a perfect 
match, all of the energy sent down the line is 
absorbed by the load and none is reflected. 
Under these conditions no standing waves are 
present. The maximum and minimum values are 
the same, and therefore the standing- wave ratio 
is equal to 1.0. 

Two mismatched lines are shown in figure 
12-8. In each of these lines the characteristic 
impedance, Zo, of the line is 3000 ohms. In 
figure 12-8. A, the load impedance is 60 ohms. 
The ratio of the effective current at a to the 

v 5 

effective current at b is equal to—, or which 

x 1 



Figure 12-7. — Transmission lines terminated 
in reactance. 



is also equal to 
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Figure 12-8. — Mismatched lines showing 
standing -wave ratio. 

In figure 10-8, B, the line impedance is less 
than tg-of) the impedance of the load. The ratio 
of the effective current at d to the effective cur- 
rent at e is equal to -^m or y- . In the first 

example, the SWR is equal to the ratio of the 
Zo of the line to the Z of the load. In the second 
example it is equal to the ratio of the Z of the 
load to the Zq of the line. In both examples, the 
SWR is equal to the ratio of the effective cur- 
rent at a loop to the effective current at a node. 

In general, the higher the SWR, the greater 
is the mismatch between the line and the load. 
A knowledge of the position of the current and 
voltage loops and nodes along the line will indi- 
cate whether the load resistance is less than or 
greater than the characteristic impedance. For 
example, in figure 12-8, A, there are a voltage 
node and a current loop at the load. This occurs 
because the load resistance is less (approaching 
a shorted condition) than the characteristic 
impedance of the line. Thus, it is a simple 
matter (by the use of one of the r-f measuring 
devices to be discussed later) to determine 
whether the load resistance is greater or smaller 
than Zo. If the load resistance is greater than 
Zo (fig. 12-8, B), the output end of the line will 
appear more like an open circuit, and r-f meas- 
uring devices will indicate maximum effective 
voltage and minimum effective current at that 
point. 

TYPES OF TRANSMISSION LINES 

There are five general types of transmission 
lines— the parallel two-wire line, the twisted 



pair, the shielded pair, the concentric (coaxial) 
line, and waveguides. As mentioned in the intro- 
duction, the use of a particular type of line de- 
pends among other things on the frequency ajjd 
the power to be transmitted and on the type fcf 
installation. 

PARALLEL TWO-WIRE LINE 

One of the most common types of trans- 
mission lines consists of two parallel con- 
ductors that are maintained at a fixed distance 
by means of insulating spacers or spreaders 
that are placed at suitable intervals. This type 
of line is shown in figure 12-9, A. The line is 
used frequently because of ease of construction, 
economy, and efficiency* In practical applica- 
tions two-wire transmission lines (with indivi- 
dual insulators rather than spacers) are used 
for power lines, rural telephone lines, and tele- 
graph lines. This type of transmission line is 
also used as the connecting link between an 
antenna and transmitter or an antenna and re- 
ceiver. 

In practice, such lines used in radio work 
are generally spaced from 2 to 6 inches apart 
on 14-mc and lower frequencies. The maximum 
spacing for 38-mc or higher frequencies is 4 
inches. In any case, in order to effect the best 
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Figure 12-9. — Types of transmission lines. 
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cancellation or radiation, it is necessary that 
the wires be separated by only a small fraction 
of a wavelength. For best results, the separa- 
tion should be less than 0.01 wavelength. 

The principal disadvantage of the parallel- 
wire transmission line is that it has relatively 
high radiation loss and therefore cannot be used 
in the vicinity of metallic objects, especially 
when high frequencies are used, because of the 
greatly increased loss which results. 

Uniform spacing of a two-wire transmission 
line may be assured if the wires are imbedded 
in a solid low-loss dielectric throughout the 
length of the line, as indicated in figure 12-9, B. 
This type of line is often called a two-wire 
ribbon type. The ribbon type is commonly made 
with two characteristic impedance values, 300 
ohms and 75 ohms. The 300-ohm line is about 
one-half inch wide and is made of stranded wire. 
Because the wires are imbedded in only a thin 
ribbon of polyethylene, the dielectric is partly 
air and partly polyethylene. Moisture or dirt 
will change the characteristic impedance of the 
line. This effect becomes more serious if the 
line is not terminated in its characteristic 
impedance. 

The wires of the 75-ohm line are closer 
together, and the field between the wires is con- 
fined largely to the dielectric. Weather and dirt 
affect this line less than they affect the 300-ohm 
line. The ribbon type of line is widely used to 
connect television receivers to antennas. 

TWISTED PAIR 

The twisted pair is shown in figure 12-9.C. 
As the name implies, it consists of two insulated 
wires twisted to form a flexible line without the 
use of spacers. It is used as an untuned line 
(on a tuned line the insulation might be broken 
down by arc-over at voltage loops) for low fre- 
quency transmission. It is not used for the 
higher frequencies because of the high losses 
occurring in the rubber insulation. When the 
line is wet, the losses increase greatly. The 
characteristic impedance of such lines is about 
100 ohms, depending on the type of cord used. 

SHIELDED PAIR 

The shielded pair (shown in figure 12-9, D) 
consists of two parallel conductors separated 
from each other and surrounded by a solid di- 



electric. The conductors are contained within 
a copper-braid tubing that acts as a shield. 
This assembly is covered with a rubber or flexi- 
ble composition coating to protect the line against 
moisture and friction. Outwardly, it looks much 
like an ordinary power cord for an electric 
motor. 

The principal advantage of the shielded pair 
is that the two conductors are balanced to 
ground— that is. the capacitance between each 
conductor and ground is uniform along the entire 
length of the line and the wires are shielded 
against pickup of stray fields. This balance is 
effected by the grounded shield that surrounds 
the conductors at a uniform spacing throughout 
their length. 

If radiation from an unshielded line is to be 
prevented, the current flow in each conductor 
must be equal in amplitude in order to set up 
equal and opposite magnetic fields that are there- 
by canceled out. This condition may be obtained 
only if the line is clear of all obstructions, and 
the distance between the wires is small. If, 
however, the line runs near some grounded or 
conducting surface, one of the two conductors 
will be nearer that obstruction than the other. 
A certain amount of capacitance exists between 
each of the two conductors and the conducting 
surface over the length of the line, depending 
upon the size of the obstruction. This capaci- 
tance acts as a parallel conducting path for each 
half of the line, causing a division of current 
flow between each conductor. Since one con- 
ductor may be nearer the obstruction than the 
other, the current flow will accordingly be in- 
creased, resulting in an inequality of current 
flow in the two conductors and therefore in- 
complete cancellation of radiation. The shielded 
line, therefore, eliminates such losses to a con- 
siderable degree by maintaining balanced capac- 
itances to ground. 

AIR COAXIAL 

The air coaxial line has advantages that 
make it practical for operation at the ultrahigh 
frequencies. It consists of a wire mounted in- 
side of. and coaxially with, a tubular outer con- 
ductor (fig. 12-9.E). In some cases the inner 
conductor also is tubular. The inner conductor 
is insulated from the outer conductor by insula- 
ting spacers or beads at regular intervals. The 
spacers are made of pyrex. polystrene, or some 
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other material possessing good insulating quali- 
ties and having low loss at high frequencies. 

The chief advantage of the coaxial line is its 
ability to keep down radiation losses. In the 
two-wire parallel line the electric and mag- 
netic fields extend into space for relatively 
great distances and tend to cause radiation 
losses and noise pickup from other lines. In a 
coaxial line, however, no electric or magnetic 
fields extend outside the outer conductor. They 
are confined to the space between the two con- 
ductors. Thus, the coaxial line is a perfectly 
shielded line. 

The disadvantages of such a line are: (1) it 
is expensive; (2) at extremely high frequencies 
its practical length is limited because of the 
considerable loss that occurs; and (3) it must 
be kept dry in order to prevent excessive leak- 
age between the conductors. To prevent con- 
densation of moisture, the line may be filled 
in certain applications with dry nitrogen at 
pressures ranging from 3 to 35 pounds per 
square inch. The nitrogen is used to dry the 
line when it is first installed, and a pressure is 
maintained to ensure that the leakage will be 
outward. 

SOLID COAXIAL 

Concentric cables are also made with the 
inner conductor consisting of flexible wire in- 
sulated from the outer conductor by a solid and 
continuous insulating material, as shown in 
figure 12-9,F. Flexibility may be gained if the 
outer conductor is made of a metal braid, but 
the losses in this type of line are relatively 
high. 

WAVEGUIDES 

Two common types of waveguides are the 
cylindrical type (fig. 12-9, G) and the more often 
used rectangular type (fig. 12-9,H). The term 
''waveguide" is applicable to all types of trans- 
mission lines in the sense that they are used to 
direct or guide the energy from one point to 
another. In this sense it does not matter whether 
the line is composed of a single conductor, two 
or more conductors, a coaxial line, a hollow 
metal tube, or a dielectric rod. Usage, however, 
has limited the meaning of the word to the hollow 
metal tube and the dielectric transmission line. 



The term "waveguide/' as used in this text, 
means a hollow metal tube. 

The transmission of an electromagnetic wave 
along a waveguide is closely related to its trans- 
mission through space. At powerline frequencies 
the current flow through the conductors was 
long considered to be the means by which energy 
is transmitted over a line, and the external 
electric and magnetic fields were regarded as 
coincidental to that transmission. That this may 
not necessarily be the case may be deduced from 
the fact that today energy may be transmitted 
along a waveguide with no longitudinal current 
flow along the guide. Thus it is believed that 
the energy transmitted is contained in the elec- 
tromagnetic fields that travel down the wave- 
guide and current flow in the guide walls only 
provides a boundary for these electric and 
magnetic fields. 

Types of Waveguides 

Waveguides may be classed according to 
cross section (rectangular, elliptical, or cir- 
cular) or according to material (metallic or 
dielectric). Dielectric waveguides are seldom 
used because the losses for all known solid 
dielectric materials are too great for efficient 
transmission. 

Of the three types of hollow-tube waveguides 
the rectangular cross section type is most 
commonly used. Circular waveguides are sel- 
dom used because it is difficult to control the 
plane of polarization and the mode of operation. 
(Modes are described later.) Circular wave- 
guides involve the further difficulty of joining 
curved surfaces when a junction is required. 
They do find use in rotating joints, however, 
because of their circular symmetry, both phys- 
ical and electrical. Elliptical waveguides are 
not used because of fabrication, joining, and 
bending difficulties. 

Advantages of Hollow Waveguides 

A hollow waveguide has lower loss than either 
an open-wire line or a coaxial line in the fre- 
quency range for which it is practical. An open- 
wire line has three kinds of loss— (1) radiation, 
(2) dielectric, and (3) copper. In the coaxial 
line there is no radiation loss because the outer 
conductor acts as a shield which confines the 
magnetic and electric fields to the space between 
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the inner and outer conductors. Both the coaxial 
line and the hollow pipe are perfectly shielded 
lines and have no radiation loss. 

Dielectric loss in the insulating beads of a 
coaxial line is considerable at very high fre- 
quencies, but air has negligible dielectric loss 
at any frequency. Because hollow metal wave- 
guides are usually filled with air, they have 
negligible dielectric loss. 

The third kind of loss is the copper loss. 
At high frequencies the current flows in a thin 
layer near the surface of the conductor. As the 
frequency increases, the thickness of this layer 
decreases, thus reducing the effective cross 
section of the conductor and causing the copper 
loss to increase as the effective resistance of 
the conductor becomes greater. In a coaxial 
line most of the resistance and most of the copper 
loss are in the inner conductor because the cir- 
cumference of this conductor is less, and for a 
given penetration of current the effective cross 
section is less than that of the outer conductor. 

For example, if the current flows in a very 
thin layer at the surface of both conductors, and 
if the inner circumference of the outer conductor 
is five times that of the outer surface of the inner 
conductor, the area through which current flows 
in the outer conductor is five times that of the 
inner conductor. The resistance, R, of a con- 
ductor is 




where p is the resistivity of the metal, L the 
length of the conductor, and A the area of the 
cross section through which the current flows. 
Therefore, the resistance of the inner conductor 
is five times that of the outer conductor. If the 
inner conductor were eliminated, the copper 
losses would be greatly reduced. A coaxial line 
without the inner conductor is equivalent to a 
round hollow waveguide. 

Because the waveguide has less copper loss 
than a coaxial line, and because it has negligible 
dielectric loss and no radiation loss, the total 
losses of a waveguide above the cutoff frequency 
are less than those of a coaxial line of the same 
size operating at the same frequency. 

The waveguide is simpler in construction 
than the coaxial line because the inner conductor 
and its supports are eliminated. Because there 
is no inner conductor which may be displaced 



or broken by vibration or shock, the waveguide 
is more rugged than the coaxial line. 

Disadvantages of Hollow Waveguides 

The minimum size of the waveguide that can 
be used to transmit a certain frequency is pro- 
portional to the wavelength at that frequency. 
This proportionality depends upon the shape of 
the waveguide and the manner in which the 
electromagnetic fields are set up within the pipe. 
In all cases there is a minimum frequency that 
can be transmitted. The lowest cutoff frequency 
is determined by the inside dimensions shown 
in figure 12-9, H. The cutoff wavelength, A co 
associated with the cutoff frequency, is equal to 
twice the inside width of the guide, or 

A_ = 2a 
co 

Higher frequencies, however, can be transmitted. 
The width of the guide for these frequencies is 
greater than their corresponding free-space 
half- wavelengths. 

The distance, b, is not critical with regard 
to frequency. However, this distance deter- 
mines the voltage level at which the waveguide 
arcs over. Therefore, for high power and volt- 
age, the distance, b, should be large. In prac- 
tice, b may be from 0.2 to 0.5 of the wavelength 
in air, and a may be about 0.7 times the wave- 
length in air. 

Because the cutoff frequency corresponds 
to a wavelength that is equal to twice the inside 
width of the guide, waveguides are not used ex- 
tensively at frequencies below approximately 
1000 mc (30 centimeter). At lower frequencies 
the guide would be too large. For example, to 
transmit 30-centimeter waves, a rectangular 
waveguide would have to be wider than 15 centi- 
meters. For 1- meter waves the waveguide 
would have to be about 2 1/3 feet wide, and for 
10-meter waves, 23 feet wide. 

The installation of a waveguide transmission 
system is somewhat more difficult than the in- 
stallation of other types of lines. The radius 
of bends in the guide must be greater than two 
wavelengths to avoid excessive attenuation and 
the cross section of the guide must be main- 
tained uniform aroifnd the bend. These dif- 
ficulties hamper installations in restricted 
spaces. If the guide is dented, or if solder is 
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permitted to run inside the joints, the attenua- 
tion of the line is greatly increased. In addition 
to the increased attenuation that they cause, 
dents and beads of solder also reduce the break- 
down voltage of the waveguide and cause standing 
waves in the guide. 

Although such faults may not cause arc-over 
in the guide, they limit the power handling capac- 
ity of the system and make the possibility of 
arc-over more likely. Thus, unless great care 
is exercised in the installation, one or two care- 
lessly made joints could nullify completely the 
initial advantage obtained from the use of the 
waveguide. 

Modes of Transmission 

For convenience of reference, a system em- 
ploying letters and subscript numbers was de- 
vised for describing waveguide modes. Figure 
12-10,A, shows the TE mode of operation of a 
rectangular waveguide. The letters TE indicate 
a mode of operation in which the electric field 
composed of parallel E lines) lies in transverse 
planes that contain the X and Y axes and in which 
the E lines are parallel to the Y axis and are 
perpendicular to the longitudinal (Z) axis of the 
guide. Similarly the letters TM (fig. 2-10,B) 
indicate that the magnetic field (composed of 
closed loops) lies in transverse planes that 
contain the X and Y axes and are wholly trans- 
verse to the guide axis. 

For rectangular waveguides the accepted 
system of subscripts is that the first number 
subscript indicates the number of half-wave 
variations of the transverse field in the wide 
dimension of the guide, and the second number 
indicates the number of half-wave variations of 
the same field in the narrow dimension. The 
TEio mode, for example, means that the elec- 
tric field has one half- wave variation in the wide 
dimension, and none in the narrow dimension. 
The TMj i mode means that the magnetic field 
has one half-wave variation in both the wide and 
the narrow dimensions. The mode having the 
lowest cutoff frequency for a given size of guide 
is called the DOMINANT MODE for that guide. 
The dominant mode, TEiq, for rectangular wave- 
guides is the mode commonly used. There are 
many reasons for this. This mode is easily 
excited, it is planepolarized, it is easily matched 
to a radiator, and the plane of polarization is 
easily controlled. Other reasons are that its 



cutoff frequency is dependent upon only one of 
the guide dimensions while many of the other 
modes depend on two dimensions, with the re- 
sult that it is easy to design the waveguide so 
that only this one mode may exist in it. 

Coupling 

There are three principal ways in which 
energy can be put into and removed from wave- 
guides. The first is by placing a small loop of 
wire so that it "cuts" or couples the H lines 
of the magnetic field, as in a simple transformer. 
The second is by providing an "antenna" or 
probe which can be placed parallel to the E lines 
of the electric field. The third method is to link 
or conduct the fields inside the guide by external 
fields through the use of slots or holes in the 
walls. 

The foregoing is a general description of 
waveguides. A fuller discussion of the theory 
and operation of waveguides and cavity resona- 
tors will be included in an advance course. 
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Figure 12-10.— TE and TM modes of operating 
a waveguide. 
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MEASUREMENTS ON R-F LINES 

It is often necessary to determine if stand- 
ing waves are present on a transmission line and, 
if present, where the loops and nodes of voltage 
and current occur. It may also be necessary to 
determine the SWR for voltage and current. 
Therefore, it is necessary to make electrical 
measurements on the line. 

METHODS OF MAKING MEASUREMENTS 

There are several methods of determining 
the magnitude of voltage or current at any point 
on an r-f line. In making these measurements 
it must be remembered that the magnetic field 
around a line varies directly with the current, 
and that the electrostatic field about the line 
varies directly with the voltage. 

Current may be observed at any point on a 
line either by cutting the line and inserting a 
suitable ammeter (fig. 12-11, A), or by placing 
a loop (fig. 12-11, B) connected to an ammeter 
in the magnetic field. In figure 12- 11, A, the 
a-c ammeter is connected in series with the 
line. The ammeter indicates the standing wave 
of current at the point where the measurement 
is made. If this method is not practical, the 
method shown in figure 12-1 1,B, may be used 
instead. The coil is moved along the line, and 
the meter will indicate maximum current at the 
point where maximum current is induced in the 
coil— that is. at a current loop— and will indicate 
minimum current at a current node. 
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Figure 12-11. — Methods of measuring stand- 
ing waves of voltage and current. 



In order to determine the voltage between 
lines at any point along the line, an a-c volt- 
meter is connected across the line, as indicated 
in figure 12-11, C. The voltage between the lines 
may also be measured by the method shown in 
figure 12-11,D. When the neon lamp is con- 
nected across the line the lamp will glow with 
a degree of brightness that is proportional to 
the voltage across the line at different loca- 
tions along the line. If the field is strong enough, 
the lamp will glow when it is in close proximity 
to the line even if there is no physical contact. 
This method is convenient, although it lacks the 
precision of other methods. Greater precision 
may be obtained by the use of a sensitive type 
d-c voltmeter and rectifier as shown in figure 
12-11,E. The resistor, R, is capacity- coupled 
to the two sides of the line, and the voltage drop 
across R is measured by the voltmeter. 

Each of the methods described thus far has 
the disadvantage that a certain amount of energy 
is absorbed from the line. This absorption of 
energy at the point of measurement represents 
a change in impedance at this point and causes 
line reflections. Thus, the foregoing methods 
of making r-f measurements temporarily alter 
the normal characteristics of the line during 
the time the measurements are being taken. 

A method of r-f measurement that causes 
the least disturbance to the line is shown in 
figure 12-11,F. It is composed of a-j section 
shorted by means of an r-f ammeter. This de- 
vice presents an extremely high impedance to 
the line, and therefore little current is needed 
to energize it. 

When coaxial lines are used, the magnetic 
and electric fields are contained within the 
space between the outer and inner conductors 
and are not accessible for measurement as in 
open lines. In making measurements on this 
type of line, the arrangements shown in fig- 
ure 12-12 are used. A probe is inserted in 
the slot, but not far enough to touch the inner 
conductor. The probe is a slender rod that 
acts as an antenna. It is excited by the electric 
field which is parallel to the probe. Since the 
line current flows parallel to the slot, the effec- 
tive resistance of the coaxial line is not appre- 
ciably reduced by the presence of the slot. 

Because the coupling is slight, very little 
energy is extracted by the probe. The r-f 
energy is detected by a crystal rectifier in fig- 
ure 12-12, A, and the resulting d-c, which varies 
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Figure 12-12.— Making measurements on 
coaxial lines. 

in magnitude with the a-c signal voltage, is 
amplified and fed to the voltmeter. The r-f 
energy is detected in figure 12-12, B, by a bolo- 
meter the resistance of which varies with tem- 
perature. This action varies the d-c current in 
ammeter A. The temperature of the bolometer 
varies with the amount of r-f current from the 
probe. The bolometer itself is generally a 0.01 
ampere fuse having a positive temperature co- 
efficient. 

WAVELENGTH MEASUREMENTS 

Because the distance between a voltage loop 
and the next adjacent voltage node or a current 



loop and the next adjacent current node is equal 
to a quarter-wavelength, one wavelength is equal 
to four times the quarter-wave, as shown in 
figure 12-13. 

Because energy travels more slowly on a 
wire than in free space, the wavelength is a 
little shorter on the wire than in space. The 
electrical length of a wire therefore differs 
slightly from the length in terms of the free- 
space wavelength. This results from the capaci- 
tive effects between the wires and ground that 
decrease the velocity of propagation on the line. 
The spacers and insulating material used have a 
dielectric constant greater than air, and this also 
increases the effective capacitance. 

The electrical quarter- wavelength for var- 
ious types of lines may be calculated from the 
formula 

_ _ 246 x k 
f 

where L (in feet) is the quarter- wavelength, kis 
a constant that depends on the type of line, and 
f is the frequency in megacycles. The constant, 
k, for a parallel line is 0.975, and for an air- 
insulated concentric (coaxial) line is 0.85. 

LECHER LINES 

Lecher lines are two-wire transmission lines 
that are used as tuned-circuit elements or as 
resonant lines for the purpose of obtaining 
wavelength. Such lines are, in general, be- 
tween 1/4 and 5 wavelengths long and usually 
have a shorting bar that is adjustable over a 
considerable range of length. 
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Figure 12-13. — Determination of wavelength 
by means of standing waves. 
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In the Lecher lines shown in figure 12- 14, A 
and B, two parallel wires are extended a dis- 
tance equal to slightly more than 5 quarter- 
wavelengths. By the use of these lines the 
wavelength and the frequency of the r-f signal 
may be determined. The wavelength may be 
determined by measuring the distance between 
successive maxima and minima of the current 
or voltage waveforms. The frequency is deter- 
mined by making proper substitutions in the 
preceding formula, transposing and solving for f. 

The use of the shorting bar and the pickup 
coil to determine current maximums and mini- 
mums is illustrated by the two positions of the 
shorting bar shown in the figure. The current 
wave shown in figure 12-14, A, indicates that the 
standing wave of current is minimum at the lo- 
cation of the coupling coil. Very little current 
flows through the coil, and the weak magnetic 
field that results induces only a slight current 
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Figure 12-14. — Lecher lines. 



in the pickup coil and the indication of the 
ammeter is a minimum. In figure 12-14,B, the 
shorting bar has been moved a quarter- 
wavelength toward the r-f generator, and the 
current at the coupling coil is now maximum. 
Maximum current is induced in the meter pickup 
coil, and the ammeter indication is a maximum. 

A Lecher line one-quarter wavelength long 
has the characteristics of a parallel- resonant 
circuit (fig. 12-14, C) and therefore may be used 
as a tuned circuit in an ultrahigh-frequency 
oscillator. At 400 mc a quarter-wavelength 
line is only a little more than 7 inches long 
and therefore is of a practical length for os- 
cillators having frequencies that lie in the 
upper end of the v-h-f band and the lower end 
of the u-h-f band. 

APPLICATIONS OF RESONANT LINES 

In many applications, standing waves on 
transmission lines must be eliminated or reduced 
to the lowest possible level. In radar, for 
example, the SWR must be very near unity if 
satisfactory operation is to be obtained. Stand- 
ing waves have the following bad effects: 

1. The power- handling capacity of the line 
is reduced because at some points the voltage 
is greater than at others; and at other points 
the current is excessively high. At high- voltage 
points the insulation may break down, and at 
high- current points the temperature rise may 
be excessive. 

2. The efficiency of the line is lowered 
because of the excessive current and accompany- 
ing I^R loss. The line current and voltage are 
not in phase, hence the line power factor is low. 
The efficiency of transmission becomes a maxi- 
mum for a given amount of power being trans- 
mitted only when the line power factor becomes 
unity and the effective current becomes a mini- 
mum. These conditions can exist only on a non- 
resonant line (no standing waves). 

3. The effective resistance of the line is 
increased by the introduction of standing waves. 
There is also increased radiation loss and re- 
duced efficiency. 

For these reasons, resonant lines are seldom 
used to transmit large amounts of power over any 
considerable distance. 

Resonant lines, however, have many impor- 
tant uses besides that of transmitting power from 
one point to another. For example, they maybe 
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used as metallic insulators, as wave filters and 
chokes, and as impedance-matching devices. 

METALLIC INSULATORS 

When a quarter-wave line is shorted at the 
output end and is excited to resonance at the 
other end by the correct frequency, there are 
standing waves of current and voltage on the 
line. At the short circuit, the voltage is zero 
while the current is at a maximum. At the input 
end (the end supporting the transmission line) 
the current is nearly zero and the voltage is a 

E 

maximum. Therefore, at the input end the — 

ratio, and thus the impedance, is very large. 
Because an exceedingly high impedance across 
the input end looks like an insulator to the trans- 
mission line, the quarter-wave line shorted at 
the output end may be used as an insulator at 
its two open terminals (those to which the trans- 
mission line is attached). 

Figure 12- 15, A, shows a quarter-wave sec- 
tion of line acting as a stand-off insulator for a 
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Figure 12-15.— Quarter- wave insulators. 



two-wire transmission line. Naturally, for 
direct current this section acts as a direct short 
on the line, but for the particular frequency that 
makes the section a quarter- wavelength, it acts 
as a highly efficient insulator. At terminals A 
and B there is a high voltage and a low current. 

Because Z=y , the impedance between A and B 

must be very high. The insulator obtains a 
negligible amount of energy from the line to 
make up any losses caused by the circulating 
current. If the frequency varies too widely from 
the value for which the section is designed, the 
section rapidly becomes a poor insulator and 
begins to act as a capacitor or inductor across 
the line. 

Figure 12-15,B, shows a quarter-wavelength 
of coaxial line that is "teed" into a coaxial 
transmission line to support the center con- 
ductor. If the quarter- wave stubs are placed 
close enough together to provide adequate me- 
chanical support, they are usually more ef- 
ficient than beads of dielectric material— that is, 
if the coaxial line is operated at one frequency 
only. Metallic insulators are practical only at 
the higher frequencies where the quarter-wave 
stub is of a practical length 

IMPEDANCE -MATCHING DEVICES 

The impedance of a quarter-wave section of 
transmission line shorted at one end varies 
widely over its length, as is indicated in figure 
12- 16, A. At the shorted end the current is 

high and the voltage is low. Because Z = y, the 

impedance at the shorted end is low. At the 
open end, the conditions are reversed, and the 
impedance is high. When this section of r-f 
transmission line is excited, it is possible to 
match almost any impedance somewhere along 
the line. For example, a 300-ohm line may be 
matched to a 70-ohm line without the production 
of standing waves on either cf the two lines that 
are being matched. Figure 12-16,B, shows how 
this connection may be made. Energy from the 
300-ohm line sets up standing waves on the 
quarter-wave section. The connection between 
the 300-ohm line and the quarter- wave matching 
section is made at a point where the impedance 
of the quarter-wave line is 300-ohms. When this 
adjustment is made, the SWR on the 300-ohm 
line should be at a minimum, essentially unity. 
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Figure 12-16.— Transmission line as an 
impedance-matching device. 

The 70-ohm line is similarly adjusted to bring 
about an impedance match near the shorted end. 

The quarter-wave line may also be used to 
match a nonresonant line to a resonant line, as 
shown in figure 12-16,C. In order to be non- 
resonant, a line must be terminated in its charac- 
teristic impedance, and the terminating im- 
pedance should be approximately a pure resis- 
tance. The impedance of a shorted quarter-wave 
resonant section is zero at the shorting bar and 
increases along the line toward the open end. The 
shorting bar is adjusted to make a voltage maxi- 
mum appear at cd; and the contacts, ab, between 
the nonresonant line and the quarter-wave sec- 
tion, are adjusted for the best match. 

A half- wave section of line shorted at both 
ends is also used as an impedance-matching 
device, particularly in antenna coupling prob- 
lems. Figure 12-16.D, shows a half- wave 
section excited at ab and having resonant current 
and voltage values as shown by the curves labeled 
E and L The input (from the generator) to ab 



"sees" an impedance, Z a b, equal to the -y ratio 
at that point, and the output (load) looking into 



cd 



'sees" a larger-^- ratio, hence a larger im- 



pedance, Z c d. The greatest impedance will be 
obtained at ef where the voltage is highest and 
the current lowest. Conversely, the lowest 
impedance points will be at the shorting bars 
where the current is high and the voltage low. 
Because the upper half of the half- wave section, 
or half-wave frame, repeats the impedance of 
the lower half, there will always be two points 
on the frame that have the same impedance. 
There will be a difference, however, in the 
phase of the currents involved, the current 
in one half being 180° out of phase with that 
of the other half. 

Another example of the use of shorted 
quarter-wave section as an impedance-matching 
device is shown in figure 12-16,E. In this 
figure a relatively low impedance input is 
transformed to a high impedance to match the 
high input impedance to a grid. The equivalent 
lumped circuit is shown in figure 12-16.F. 

A nonshorted resonant transmission line may 
also be used as an impedance-matching device, 
as shown in figure 12- 17, A. A nonshorted 
quarter-wave transmission line having the cor- 
rect characteristic impedance may be used to 
match two dissimilar impedances. The neces- 
sary characteristic impedance, Zo, of the 
quarter- wave matching section is 



ITT 
s r 



where Z s is the impedance of line 1 and Z r is 
the impedance of line 2. In this figure. 



Z Q =V/300 x 70 - 145 (approx.) 

The transformer analogy is shown in figure 
12-17,B. A method of connecting a 300-ohm line 
by means of a quarter-wave matching section is 
shown in figure 12-17,C. 

QUARTER-WAVE LINES 
AS FILTERS 

The characteristic of a quarter-wave line 
allows it to be used as an efficient filter or 
suppressor of EVEN harmonics. Other types 
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Figure 12-17.— Impedance matching with 
unshorted quarter- wave line. 

of filters may be used for the elimination of 
ODD harmonics. In fact, filters may be de- 
signed to eliminate efficiently the radiation of 
an entire single side band of the modulated 
carrier. 

Suppose that a transmitter is* operating on a 
frequency of 5 mc and it is found that the trans- 
mitter is causing excessive interference on 10 
and 20 mc. In addition to the other means of 
eliminating radiation at these even harmonic 
frequencies, a resonant transmission line may 
be used as a harmonic suppressor. 

A quarter-wave line shorted at one end offers 
a high impedance at the unshorted end to the 
fundamental frequency. At a frequency twice the 
fundamental, such a line is a half- wave line, and 
at a frequency four times the fundamental, the 



line becomes a full-wave line. A half-wave or 
a full-wave line that is shorted at the output 
end offers zero impedance at its input end. 
Therefore, the radiation of even harmonics from 
the transmitting antenna can be eliminated 
almost completely by the circuit shown in 
figure 12-18,A. 

The resonant filter line, ab, as shown, is 
a quarter-wave in length at 5 mc and offers 
almost infinite impedance at this frequency. 
In other words, the quarter-wave section looks 
like an insulator (to the transmission line) 
connected between the lines at the point where 
the antenna is connected. At the second har- 
monic, 10 mc, the line, ab, is a half-wave line 
and offers zero impedance at the antenna, thus 
shorting this frequency to ground. Again at 
20 mc, the filter is a full-wave line and offers 
zero impedance. Thus, energy at this frequency 
is also grounded. The quarter-wave filter may 
be inserted anywhere along the nonresonant 
transmission line with similar effect— for ex- 
ample, at a in figure 12-18,B. 

Both open and closed quarter-wave resonant 
lines may be used as wave filters. Figure 
12-18,C, shows how more than one line filter 
may be connected between a transmitter and an 
antenna to eliminate the radiation of undesired 
frequencies. In this instance, a quarter-wave 
filter, b, that is open at the output end is inserted 
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in series with the transmission line. A quarter- 
wave line that is open at the output end offers 
low impedance at the input end to the fundamental 
frequency. At each odd harmonic such a line 
is an odd multiple of a quarter-wave and there- 
fore offers little impedance to odd harmonics. 
Actually, at the fundamental and odd harmonics 
the impedance at b is so low that it may be con- 
sidered a continuous line, as if a short were 
placed across the base of the quarter-wave line. 
Thus, the quarter-wave open-filter line, b, in 
figure 12-18,C, passes the fundamental and odd 
harmonics along the line to the antenna-coupling 
unit. At even harmonics, however, the length 
of the open line (at b) becomes a half wave, or 
some multiple of a half wave, so that line b 
offers high impedance to the even harmonics 
and blocks their passage to the antenna- 
coupling unit. 



Unfortunately, the foregoing methods of in- 
serting wave filters in shunt with a line cannot 
be used to eliminate odd harmonics, because 
any attempt to eliminate the odd harmonics also 
results in serious loss to the fundamental fre- 
quency. For example, assume that line c of 
figure 12-18, C, is a quarter-wave at the third 
harmonic (15 mc). This frequency would be 
eliminated effectively before it could reach the 
antenna- coupling unit. However, the funda- 
mental that is to be transmitted would also be 
greatly attenuated. If a line is a quarter- wave 
in length at 15 mc it is a twelfth-wave in 
length at 5 mc (wavelength varies inversely with 
frequency). A line a twelfth-wave in length 
would act as a capacitor and offer a low im- 
pedance to 5 mc. Therefore, although 15-mc 
radiation would be suppressed, the desired 
carrier would also be suppressed considerably. 
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PRINCIPLES OF RADIATION 

A radio- frequency current flowing in a wire 
of finite length can produce electromagnetic 
fields that may be disengaged from the wire and 
set free in space. The principles of the radia- 
tion of electromagnetic energy are based on the 
laws that a moving electric field creates a mag- 
netic field, and conversely, a moving magnetic 
field creates an electric field. The created field 
(either electric or magnetic) at any instant is 
in phase in time with its parent field, but is 
perpendicular to it in space. These laws hold 
true whether or not a conductor is present. 

The electric (E) and magnetic (H) fields are 
perpendicular to the direction of motion through 
space. A right-hand rule may be applied that 
relates the directions of the E field, the H field 
and the propagation. This rule states that if the 
thumb, forefinger, and middle finger of the right 
hand are extended so that these three digits are 
mutually perpendicular, the thumb will point in 
the direction of the electric field, the forefinger 
in the direction of the magnetic field, and the 
middle finger in the direction of propagation. 

In the instantaneous cross section of a radio 
wave shown in figure 13-1, the E lines represent 
the electric field and the H lines represent the 
magnetic field. If the right-hand rule is ap- 
plied, the thumb points downward, representing 
the direction of the E lines; the forefinger, to 
the left, representing the direction of the H 
lines; and the middle finger away from the ob- 
server, representing the direction of propa- 
gation. 

FUNDAMENTAL CONCEPTS 

When r-f current flows through a transmit- 
ting antenna, radio waves are radiated from the 
antenna in all directions in much the same way 
that waves travel on the surface of a pond into 
which a rock has been thrown. It has been found 
that these radio waves travel at a speed of ap- 
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Figure 13-1.— Instantaneous cross section of a 
radio wave. 

proximately 186.000 miles per second (300 

million meters per second). The frequency of 

the radio wave radiated by the antenna will be 

equal to the frequency of the r-f current. 

Because the velocity of the radio wave is 

constant regardless of its frequency, to find 

the wavelength (which is the distance traveled by 

the radio wave in the time required for one 

cycle) it is necessary only to divide the velocity 

by the frequency of the wave— 

. _ 30 0,000,000 
A [ 

where A (the Greek letter lambda, used to sym- 
bolize wavelength) is the distance in meters from 
the crest of one wave to the crest of the next, 
f the frequency in cycles per second, and 
300,000,000 the velocity of the radio wave in 
meters per second. This relationship is impor- 
tant in radio communications. It can also be 
expressed as 

f = 300 
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where f is in megacycles, A is in meters, and 
300 is the velocity of propagation of the radio 
wave in millions of meters per second. 

For example, the frequency of the current in 
a transmitting antenna that is radiating an 
electromagnetic wave having a wavelength of 2 

meters is-?^, or 150 megacycles. Radio waves 

are usually referred to in terms of their fre- 
quency and are discussed in considerable de- 
tail later in this chapter. 

The transmission line guides electrical 
energy from the generator to the antenna. The 
following explanations omit this device. The 
diagrams show the generator connected to the 
antenna. 

In figure 13-2, two wires are attached to the 
terminals of a high-frequency a-c generator. 
The frequency of the generator output is chosen 
so that each wire is one-quarter of the wave- 
length, -|- . corresponding to the generator fre- 
quency. The result is a common type of antenna 
known as a DIPOLE and is shown in figure 
13-2, A. 
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Figure 13-2.— Dipole antenna showing current 
and voltage distribution. 

At a given instant, the right-hand terminal of 
the generator is positive and the left-hand 
terminal is negative. As like charges repel, 
electrons will flow away from the negative 
terminal as far as possible, while the positive 
terminal will attract electrons to it. Figure 



13-2, B, shows the direction and distribution of 
electron flow at this instant. The current dis- 
tribution curve indicates that the current flow 
is greatest at the center of the dipole and zero 
at the ends. At any given point along the antenna, 
except at the ends, the current variation is 
assumed to be sinusoidal with respect to time 
(the generator voltage has sine waveform). 
The relative current distribution is also sinus- 
oidal with respect to the antenna length. Thus, 
an r-f ammeter inserted near the center of the 
antenna will indicate a relatively large effective 
current, and one inserted near the end will 
indicate a small effective current. The rela- 
tive current distribution over the antenna will 
always be the same no matter how much or how 
little current is flowing, but the current ampli- 
tude at any given point on the antenna will vary, 
directly with the amount of voltage developed 
at the generator terminals. 

The generator voltage initiates the flow of 
antenna current. The action of the antenna is 
partly like that of a capacitor. When a capac- 
itor becomes fully charged its voltage is maxi- 
mum and the charging current ceases. In figure 
13-2,C, the antenna voltage near the ends is 
maximum at the instant that the charging cur- 
rent is zero. Although no current flows at 
this instant, there is a maximum accumulation 
of electrons at the left end of the antenna and a 
deficit at the right end. Most of the charges are 
at the ends trying to get as far from the gener- 
ator terminals as possible (like charges repel). 
The antenna voltage, like the antenna current, 
varies sinusoidally with respect to time. Also 
the antenna voltage varies sinusoidally with res- 
pect to the antenna length. Thus an r-f voltmeter 
connected between ground and one end of the 
antenna indicates a relatively large effective 
(rms) voltage. As the end probe is moved 
toward the antenna center the effective voltage 
is decreased to a low value. The antenna has 
both distributed inductance and capacitance and 
acts like a resonant circuit. At the center 
the current and voltage are in phase with each 
other; in the antenna wire between the center 
and the ends they are out of phase. 

Summarizing: 

1. A current having sine waveform flows in 
the antenna. Its distribution is sinusoidal, as 
shown in figure 13- 2, B. 
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2. A sinusoidal distribution of charge, as 
shown in figure 13-2, C, exists on the antenna. 
Every half cycle the charges reverse position. 

3. The sinusoidal variation in charge (vol- 
tage) is out of phase with the sinusoidal varia- 
tion in current by one- quarter of a cycle, or 
90 degrees, except at the center and the ends 
where the current and voltage are in phase. 

INDUCTION FIELD 

An alternating current flows in the antenna; 
therefore an alternating magnetic field, H, is set 
up around the antenna as shown at one instant 
in figure 13- 3, A. Alternate positive and negative 
charges also appear on the antenna, causing an 
electric field (E in fig. 13-3, B) to be set up. 
This field is represented by lines of force drawn 
between the positive and negative charges (fig. 
13- 3, B). The arrow heads indicate the direction 
a unit positive charge would move at those points. 
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Figure 13-3.— Instantaneous field around an 
antenna. 



Because the current and voltage that produce 
these fields are 90 degrees out-of-phase the 
two fields must also be out-of-phase by 90 
degrees. Thus in spite of the fact that they are 
mutually perpendicular, these fields do not 
constitute the radiated electromagnetic field 
that passes through space from the trans- 
mitting antenna to the receiving antenna. 

On the other hand, the magnetic and electric 
components of the radiated field are in phase 
with each other. The energy contained in the 
induction field cannot be detached from the 
antenna. The amplitude of the induction field 
energy varies inversely as the square of the 
distance from the antenna, and consequently 
its effect is entirely local. However, its effect 
must be considered in making field strength 
measurements of the radiation field in the 
vicinity of the antenna— that is, if only the 
field strength of the radiation field is to be 
measured. At -^—wavelengths away from the 
antenna the field strengths of the two fields 
are equal. This distance is approximately one- 
sixth wavelength. At distances of a few wave- 
lengths away from the antenna the induction 
field becomes negligible. 

RADIATION FIELD 

Although both a magnetic field and an elec- 
tric field are radiated into space simultaneously, 
only the electric field is considered at present. 
The charges producing the electric field are 
constantly moving from one end of the antenna 
to the other as the polarity of the voltage at 
the generator changes. At one instant, one end 
of the antenna is positive; an instant later the 
antenna is uncharged. A negative charge next 
appears where the positive charge was. Then 
the antenna is again uncharged, and the cycle 
repeats. 

In figure 13-4, A, electric flux lines are drawn 
between positive and negative charges. An 
instant later (fig. 13-4, B) the antenna is nearly 
discharged as the charges approach each other, 
thus bringing together the two ends of the flux 
lines associated with them. When the charges do 
touch, they seem to disappear, and their flux 
lines should also disappear. Most of the flux 
lines that represent the INDUCTION FIELD do 
disappear, but some flux is repelled by other 
lines nearer the antenna, and as in figure 
13-4,C, the repelled flux lines are left with their 
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Figure 13-4. — Creation of closed electric flux lines on a half-wave antenna. 



heads touching their tails. A closed electric field 
is thus created without an associated electric 
charge. 

An instant after the independent field has 
been formed, the antenna is charged again in the 
opposite direction and produces lines of force 
that repel the recently formed independent elec- 
tric field. Figure 13-4, D, shows that the re- 
pelling field is of the proper polarity to do this. 
The radiated field is forced away from the 
antenna at the speed of light. 

As previously stated, a moving electric field 
generates a perpendicular magnetic field in 
phase with it. Therefore, because the radiated 
electric field is moving, it generates a magnetic 
field in accordance with this principle. The 
result is a radiated electromagnetic field that can 
travel great distances and deliver a usable part 
of its energy to a receiving antenna. 

In the preceding discussions, the magnetic 
field generated by the antenna current has been 
ignored as a factor in generating the radiated 
field, but, by similar reasoning, magnetic lines 
of force may become detached from the antenna. 
Because the detached lines move away from the 
antenna, they generate a perpendicular in-phase 
electric field. The result is also a radiated 
electromagnetic field. 

The electromagnetic radiation from the an- 
tenna is apparently made up of two components— 
the electric generated field and the magnetic 
generated field. These two fields can be shown 
to add and give a single sinusoidally varying 
radiated field. 

The strength of the radiated field varies 
inversely with the distance. 



RECEPTION 

If a radiated electromagnetic field passes 
through a conductor, some of the energy in the 
field will set electrons in motion in the conduc- 
tor. This electron flow constitutes a current that 
varies in accordance with the variations of the 
field. Thus, a variation of the current in a 
radiating antenna causes a similar varying cur- 
rent (of much smaller amplitude) in a conductor 
at a distant location. Any intelligence being 
produced as current in a transmitting antenna 
will be reproduced as current in a receiving an- 
tenna. The characteristics of receiving and 
transmitting antennas are similar, so that a 
good transmitting antenna is also a good re- 
ceiving antenna. 

BASIC ANTENNA PRINCIPLES 

An antenna is a conductor or system of 
conductors that serves to radiate or intercept 
energy in the form of electromagnetic waves. 
In its elementary form an antenna, or aerial, 
may be simply a length of elevated wire like the 
common receiving antenna for an ordinary broad- 
cast receiver. However, for communication and 
radar work, other factors make the design of an 
antenna system a more complex problem. For 
instance, the height of the radiator above ground, 
the conductivity of the earth below it, and the 
shape and dimensions of an antenna all affect 
the radiated- field pattern in space. Also, the 
antenna radiation often must be directed between 
certain angles in either the horizontal or the 
vertical plane, or both. 

An antenna may be constructed to resemble 
a resonant two-wire line with the wires so ar- 
ranged that the fields produced by the currents 
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in the wires add in some directions instead of 
canceling completely. Figure 13- 5, A, shows one 
way to prevent cancellation of the fields by 
making the earth one conductor. This permits 
considerable separation of the conductors. In 
this manner the fields resulting from the current 
expand considerably farther into space than if the 
other conductor were nearby, and therefore can 
be detached from the radiating conductor by 
rapid reversals more easily. Another way to 
accomplish the radiation is to spread the ends 
of the two- wire line as shown in figure 13- 5, B, 
so these ends are 180 degrees apart (as shown 
in fig. 13- 5, C). The currents which cancel 
the fields of each other, in figure 13-5, B, now 
aid in producing a field in space (fig. 13- 5, C) 
similar to that produced in figure 13- 5, A. 




20.24* 



Figure 13-5.— Half-wave and multiple half-wave 
antenna. 

The antenna shown in figure 13- 5, A, can be 
extended, as shown in figure 13- 5, D. Current 
flowing to the right is represented by the posi- 
tive portion of the current curve, and current 
flowing to the left is represented by the nega- 
tive portion of the curve. Similarly, voltages 
at any point on the antenna are positive or nega- 
tive with respect to ground according to the 



position of the voltage curve above or below the 
axis represented by the antenna. The effec- 
tiveness of this device (fig. 13-5,D) as an omni- 
directional antenna is not greatly increased by 
extending it horizontally close to the earth be- 
cause currents flowing in opposite directions side 
by side produce canceling fields in some direc- 
tions. However, if the antenna extends verti- 
cally above the earth, it is possible to elevate 
the effective radiation field a greater distance 
in all directions by operating the antenna at 
some harmonic, such as the third, fifth, or 
seventh harmonic of the fundamental frequency. 
The result is that the intensity of the radiated 
field at various points in space is considerably 
changed when compared with the field of the 
simple dipole. 

Nonresonant lines also can be expanded to 
antennas, but they are not efficient radiators 
(except in a given direction between fixed sta- 
tions). Resonant conductors are more efficient 
omni-directional radiators because they have 
large standing waves of voltage and current, 
and hence they produce intense fields with a 
minimum of generator current and voltage. 
The antenna shown in figure 13- 5, A, which is 
cut to an electrical half wavelength, also ra- 
diates other frequencies, but its effectiveness 
as a radiator diminishes as the standing waves 
of current and voltage decrease. 



ELECTRICAL LENGTH 

If an antenna is made of very small wire and 
is isolated perfectly in space, its electrical 
length corresponds closely to its physical length. 
Thus, in free space, a 1-wavelength antenna for 
.10 meters would be 10 meters in length, and a 
half- wave length antenna for the same signal 
would be 5 meters in length. In actual practice, 
however, the antenna is never isolated com- 
pletely from surrounding objects. For example, 
the antenna will be supported by insulators with a 
dielectric constant greater than 1. Therefore th6 
velocity of the wave along the conductor is al- 
ways slightly less than the velocity in space, and 
the physical length of the antenna is correspond- 
ingly less (by about 5 percent) than the cor- 
responding wavelength in space. The physical 
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length, L, in feet, of a half- wave antenna for a 

given frequency is derived as follows: 

Since 

i 300 . A _ 300 
A = — andy- 2f 

_ 300x 3.28x0,95 _ 468 
L " 2f f 

where f is the frequency in magacycles, 3.28 feet 
equal 1 meter, and 0.95 represents the velocity 
of the wave in the antenna compared to that in 
free space. This formula does not apply to 
antennas longer than one-half wavelength. 

ANTENNA INPUT IMPEDANCE 

The antenna input impedance determines the 
antenna current at the feed point for a given 
value of r-f voltage at that point. The input 
impedance may be expressed mathematically 
by Ohm's law for alternating current— 

-f 

where Z is the antenna impedance and E and I 
are the r-f voltage and current respectively. 
Impedance is also expressed as 

Z = R * jX 

where R and X are the input resistance and re- 
actance respectively. 

In a half- wave antenna, the current is a 
maximum at the center and zero at the ends; 
whereas the voltage is a maximum at the ends 
and minimum at the center. The impedance, 
therefore, varies along the antenna and is mini- 
mum at the center and a maximum at the ends. 
Thus, if energy is fed to a half- wave antenna 
at its center, it is said to be CENTER FED 
(current fed); if energy is fed at the ends it is 
said to be END FED (voltage fed). In the case 
of a half -wave antenna isolated in free space, 
the impedance is approximately 73 ohms at the 
center and 2,500 ohms (allowing for losses) at 
the ends. The intermediate points have inter- 
mediate values of impedance. 

Figure 13-6, A, is a plot of the input resis- 
tance of center-fed antennas for various wave- 
lengths. Resistance values for both a thin 
and a thick antenna are plotted so that the 
effect of the diameter of the wire is apparent. In 
figure 13-6, B, the reactance is plotted as a 
function of wavelength. The curves show that 
an antenna may be either inductive or rapacitive. 
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Figure 13-6.— Impedance curves for a center- 
fed antenna. 



depending on its length, and that abrupt changes 
of impedance occur at multiples of a half- 
wavelength. The points in figure 13-6, B, where 
the reactance curves cross zero indicate the 
resonant lengths of the antenna. Because the 
curves are plotted in terms of the free-space 
wavelength, the effect of the reduced velocity of 
the wave motion along the antenna is shown by 
the curves. For example, a half- wave antenna 
element is resonant only when it is less than 
the free- space half- wavelength. This fore- 
shortening is caused by the increased capac- 
itance associated with the elements. If the di- 
ameter of the radiator is large, for example 

the increased capacitance is greater than 

a thin element. As a result, the large- diameter 
radiator is foreshortened more than the thin 
radiator. 
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Figure 13-6 may be used to calculate the 
input impedance of center-fed antennas. For 
example, let it be required to find the impedance 

of a thin ^diameter = ^ ^gg j antenna with a half 

length five-eighths of the wavelength being fed 
to it. In this case the antenna is not fully reso- 
nant. The impedance includes both resistance 
and reactance. The resistance is located on the 

proper curve halfway between ^-and ^ and is 

approximately 150 ohms. Similarly, the re- 
actance is found to be capacitive and approxi- 
mately 1,100 ohms. The impedance in ohms is 

Z = 150-jl,100 = 1,110^.-82.2° 
Thus, for maximum transfer of energy to the 

5X 

antenna a feedline to a-5-center-fed antenna in 

o 

free space must be designed to present an im- 
pedance of 150+jl,100 = 1,110^+82.2°. In this 
case the feedline has a resistance of 150 ohms 
and an inductive reactance of 1,100 ohms. 

The input impedance of an antenna is af- 
fected by the presence of nearby conductors 
(for example, the rigging on ships). Any object 
that can be affected by the induction field will 
distort the field and also the antenna voltage and 
current distribution. Therefore/ the input im- 
pedance will be changed, and necessary cor- 
rections must be made to obtain the best match 
to each antenna. Because this effect is almost 
always difficult if not impossible to calculate, 
corrections are usually determined by trial- 
and-error methods. 

RADIATION RESISTANCE 

The antenna at the end of the transmission 
line is equivalent to a resistance that absorbs 
a certain amount of energy from the generator. 
Neglecting the losses that occur in the antenna, 
this is the energy that is radiated into space. 
The value of resistance that would dissipate 
the same power that the antenna dissipates is 
called the RADIATION RESISTANCE of the 
particular antenna. The power dissipated in 
a resistor is equal to i2r. Likewise, the 
power dissipated in (radiated from) an antenna 
is equal to the current (at the feed point) 
squared times the radiation resistance of the 
antenna. 

Figure 13-7 shows how the radiation resist- 
ance varies with antenna length, for an antenna 
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Figure 13-7.— Radiation resistance of antennas 
in free space plotted against length. 

in free space. For a half- wave antenna the 
radiation resistance is approximately 73,2 ohms, 
measured at the current maximum, which is at 
the center of the antenna. For a quarter-wave 
antenna the radiation resistance measured at 
the current maximum is approximately 36.6 
ohms. The radiation resistance is also affected 
somewhat by the height of the antenna above the 
ground and by its proximity to nearby objects. 
Other small antenna losses are caused by the 
ohmic resistance of the conductor, corona 
discharge, and insulator losses. 

WAVE POLARIZATION 

The position of a simple antenna in space 
determines the polarization of the emitted wave; 
that is, the direction of the electric lines of 
force determines the polarization of the wave. 
An antenna that is vertical with respect to the 
earth radiates a vertically polarized wave, while 
a horizontal antenna radiates a horozontally 
polarized wave. Figure 13- 8, A, shows the verti- 
cal electric field component of a vertical antenna 
as a sine wave in the plane of the paper. Figure 
13-8,B, shows the horizontal electric field com- 
ponent of a horizontal antenna as a sine wave 
lying in a horizontal plane. The first wave is 
vertically polarized; the second, horizontally 
polarized. For low frequencies the polariza- 
tion is not distrubed and the radiation field 
has the same polarization at the distant re- 
ceiving station that it had at the transmitting 
antenna. At high frequencies, however, the 
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Figure 13-8. — Vertical and horizontal 
polarization. 

polarization usually varies, sometimes quite 
rapidly, because the wave splits into several 
components which follow different paths. These 
paths will not be the same length; therefore, the 
recombined electric vectors representing the 
several components generally will not be paral- 
lel. If this is the case, the path traced by the 
point of the resultant vector may be circular 
or elliptical, and such a radiated field is known 
as either a CIRCULARLY or an ELLIPTICALLY 
POLARIZED FIELD. 

When the antennas are close to the ground, 
vertically polarized waves yield a stronger sig- 
nal close to the earth than do horizontally polar- 
ized waves. However, when the transmitting 
and receiving antennas are at least 1 wave- 
length above ground, the two types of polariza- 
tion give approximately the same field intensities 
near the surface of the earth. When the trans- 
mitting antenna is several wavelengths above 
ground, horizontally polarized waves result in 
a stronger signal close to the earth than is 
possible with vertical polarization. 

POLAR DIAGRAMS 

The variation of signal strength around an 
antenna can be shown graphically by polar 
diagrams as in figure 13-9. Zero distance is 
assumed to be at the center of the chart (indi- 
cating the center of the antenna) and the circum- 
ference of the tangent circles is laid off in 
angular degrees. Computed or measured values 
of field strength then may be plotted radially in 
a manner that shows both magnitude and di- 
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Figure 13-9. — Polar diagram of an antenna 
showing relative field strength. 

rection for a given distance from the antenna. 
Field strengths in the vertical plane are plotted 
on a semicircular polar chart (not shown in the 
figure) and are referred to as vertical polar 
diagrams. 

BASIC TYPES OF ANTENNAS 

An invention often borrows the name of 
its inventor. This is true about two basic 
antennas, the Hertz and Marconi. 

HERTZ ANTENNA 

Any antenna that is one-half wavelength 
long, or any even or odd multiple thereof, is 
a Hertz antenna and may be mounted either 
vertically or horizontally. A distinguishing 
feature of all Hertz antennas is that they need 
not be connected conductively to the ground, as 
are other antennas to be described. At the low 
and medium frequencies, these antennas are 
rather long and have little use in the Navy, ex- 
cept at shore stations where there is room for 
them. Vertical half- wave and five-eighths wave 
antennas are widely used with a-m broadcasting 
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stations and have been built to heights of 1,000 
feet or more for the lower broadcast frequencies. 
At the medium and high frequencies they are 
used extensively in fixed service when oper- 
ation is not required at a large number of fre- 
quencies. This type of antenna is not partic- 
ularly suited to services where a large number 
of different and unrelated frequencies must be 
transmitted using the same antenna, such as 
aboard ship. 

Half- wave antennas showing two different 
methods of connecting the feedline together 
with the equivalent resonant circuits are shown 
in figure 13-10. For a half- wave dipole, the 
effective current is maximum at the center 
and minimum at the ends, while the effective 
voltage is minimum at the center and maxi- 
mum at the ends. The voltage and current re- 
lationships are similar to those of the simple 
dipoles shown in figure 13-10. 

MARCONI ANTENNA 

A grounded antenna whose length is one- 
fourth wave or any odd multiple thereof is known 
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Figure 13-10.— Hertz antennas and equivalent 
circuits. 



as a Marconi antenna. Figure 13-11 illustrates 
the principle of a Marconi antenna mounted on 
the surface of the earth. The transmitter may 
be connected between the bottom of the antenna 
and the earth. Although the antenna is only 
one- quarter wavelength long, the reflection in 
the earth is equivalent to another quarter- wave 
antenna. By this arrangement, half- wave oper- 
ation can be obtained from an antenna only one- 
quarter wavelength long. The impedance, volt- 
age, and current relationships are similar to 
those in a half- wave antenna except that the in- 
put impedance at the base of a Marconi antenna 
is 36.6 ohms; whereas the input impedance of 
a Hertz antenna at the center is 73.2 ohms. 




Figure 13-11. — Marconi antenna and image. 



The quarter-wave antenna is used exten- 
sively with portable transmitters. On an air- 
plane a quarter-wave mast or trailing wire is 
the antenna, and the fuselage produces the image. 
Similar installations are made on ships. A 
quarter-wave mast or horizontal wire is the 
antenna, and the hull and superstructure provide 
the image. 

The effective current in the Marconi quarter- 
wave grounded antenna is maximum at the base 
and minimum at the top. The voltage is maximum 
at the top and minimum at the base. 
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ANTENNA TUNING 

Aboard ship, antennas used for communi- 
cations at the medium frequencies are not usually 
of the proper length to give optimum perfor- 
mance at the operating frequency. This condition 
exists because these antennas are all of standard 
size and shape or are installed in whatever space 
may be available for them and because they are 
each operated at more than one frequency. All 
equipment must be able to operate at any fre- 
quency within its tuning range. In this case, 
then, it is necessary to employ some means at 
the transmitter to adjust the antenna for reason- 
able efficiency at any frequency regardless of 
the physical dimensions or arrangement of any 
antennas that might be available. 

As each transmitter is usually associated 
with only one antenna, which is of fixed length, 
the adjustment of the effective length of the 
antenna must be made by electrical means. 
This process is called ANTENNA TUNING and is 
accomplished by adding either inductance or 
capacitance to the antenna at the point where it 
is fed from the transmitter or transmission line, 
as shown in figure 13-12. Added inductance has 
the property of increasing the effective electrical 
length, while capacitance decreases it. In this 
manner the antenna can be made to respond as 
if the physical length was changed. 

By tuning the antenna properly, the standing 
waves are increased and the radiated energy is 
increased. 
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Figure 13-12. — Methods of correcting the 
electrical length of a grounded antenna. 



Sometimes, particularly at low frequencies, 
it is not practical to make the quarter-wave 
grounded antenna the full physical quarter- 
wave in height shown in figure 13- 13, A. In- 
stead, it may be made shorter physically and 
then made the correct length electrically by 
top-loading it with a series inductor (fig. 
13-13,B) or a parallel capacitor (fig. 13-13, C). 

If the antenna is slightly more than a quarter 
wavelength high, the input at the base will be 
inductive, requiring the addition of. a capacitor 
in series with the feed to bring the antenna into 
resonance. 

RADIATION PATTERN FOR 
HALF-WAVE ANTENNAS 

Because the current is greatest at the center 
of a dipole, maximum radiation takes place at 
this point and practically no radiation takes 
place from the ends. If this antenna could be 
isolated completely in free space, the points of 
maximum radiation would be in a plane perpen- 
dicular to the plane of the antenna at its center. 
The doughnut- shaped surface pattern is shown in 
figure 13-14, A, and the horizontal cross section 
pattern is shown in figure 13-14,B. Because a 
circular field pattern is created, the field 
strength is the same in any compass direction. 

Theoretically, a vertical dipole in free space 
has no vertical radiation along the direct line 
of its axis. However, it may produce a con- 
siderable amount of radiation at other angles 
measured to the line of the antenna axis. Fig- 
ure 13-14,C, shows a vertical cross section of 
the radiation pattern of figure 13- 14, A. The 
radiation along OA is zero; but at another 
angle, represented by angle AOB, there is 
appreciable radiation. At a greater angle, AOC. 
the radiation is still greater. Because of this 
variation in field strength pattern at different 
vertical angles, a field- strength pattern of a 
vertical half- wave antenna taken in a horizontal 
plane must specify the vertical angle of radiation 
for which the pattern applies. 

Figure 13-14,D, shows half of the doughnut 
pattern for a horizontal half -wave diople. The 
maximum radiation takes place in the plane 
perpendicular to the axis of the antenna and 
crosses through its 'center. A polar diagram 
representing the radiation pattern of a hori- 
zontal dipole is shown in figure 13-9. 
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Figure 13-13.— Vertical quarter-wave antennas and methods of loading. 



ANTENNA COUPLING 

A common method of coupling the shipboard 
communications antenna to its associated trans- 
mitter is shown in figure 13-15. The antenna 
tuning system is made up of the antenna coupling 
capacitor, CI; the antenna tuning inductor, LI; 
the antenna tuning capacitor, C2; and the antenna 
feed switch, SL The d-c blocking capacitor, C3, 
is connected in series with the antenna coupling 
capacitor, CI, to protect the antenna system from 
d-c potentials that might be occasioned by 
damage or voltage breakdown of the variable 
antenna coupling capacitor CI. The antenna 
tuning capacitor, C2, is variable, and is operated 
in one of two circuit arrangements. With SI in 
position P, capacitor C2 is connected in parallel 
with LI, and the antenna is voltage (or shunt) 
fed. With SI in position S, capacitor C2 is con- 
nected in series with LI and the antenna is cur- 
rent (or series) fed. 

The antenna system is tuned by first ad- 
justing CI to minimum coupling and tuning the 
final power amplifier stage to resonance. Then 
capacitor C2 and inductor LI are tuned for 
antenna resonance. 

The antenna now appears as a pure resis- 
tance to the final amplifier. The capacitance of 
CI is then increased in small steps until the 



required loading of the final amplifier is ob- 
tained. Each time the coupling capacitor is 
changed, however, the final amplifier and an- 
tenna tuning circuit L1C2 must be retuned 
to resonance. Take care not to overcouple 
with CI. After the final amplifier and the 
antenna circuit are resonanted, the load on the 
final amplifier is purely resistive, and the 
maximum transfer of energy from the final 
amplifier to the antenna is obtained. 

PROPAGATION OF RADIO WAVES 

Any consideration of antennas must include 
a clear idea as to how the several paths oper- 
ate by which a wave may travel between the 
sender and receiver equipments. 

RADIO WAVE 

When a radio wave leaves a vertical antenna 
the field pattern of the wave resembles a huge 
doughnut lying on the ground with the antenna in 
the hole at the center. Part of the wave moves 
outward in contact with the ground to form the 
GROUND WAVE, and the rest of the wave moves 
upward and outward to form the SKY WAVE, as 
shown in figure 13-16. The ground and sky 
portions of the radio wave are responsible for 
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Figure 13-14.— Radiation pattern of a dipole. 
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Figure 13-15.— Antenna coupling to transmitter. 

two different methods of carrying the messages 
from transmitter to receiver. The ground wave 
is used both for short-range communication at 
high frequencies with low power, and for long- 
range communications at low frequencies with 
very high power. Daytime reception from most 
nearby commercial stations is carried by the 
ground wave. 



IONOSPHERE 



LAYER' 2 
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Figure 13-16.— Formation of the ground wave 
and sky wave. 

The sky wave is used for long-range high- 
frequency daylight communication. At night, 
the sky wave provides a means for long-range 
contacts at somewhat lower frequencies. 
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GROUND WAVE 

The ground wave is commonly considered to 
be made up of two parts, a surface wave and a 
space wave. The surface wave travels along the 
surface of the earth. 

The space wave travels in the space im- 
mediately above the surface of the earth in two 
paths— one directly from transmitter to receiver, 
and the other a path in which the space wave 
is reflected from the ground before it reaches 
the receiver. The space wave follows two paths 
of different lengths, therefore, the two compo- 
ments may arrive in or out of phase with each 
other. As the distance from the transmitter 
is changed, these two components may add or they 
may cancel. Neither of these component waves 
is affected by the reflecting layer of atmosphere 
high above the surface of the earth, called the 
IONOSPHERE. 

The space-wave part of the ground wave be- 
comes more important as the frequency is in- 
creased or as the transmitter and receiver 
antenna height is increased. When the trans- 
mitting and receiving antennas are both close 
to the ground, the space wave components can- 
cel. This is true because the ground- reflected 
component is shifted 180 degrees in phase upon 
reflection, has the same magnitude as the 
direct component, and travels a path of ap- 
proximately the same length as that of the 
direct component. The surface wave part of 
the ground wave, therefore, is responsible for 
most of the daytime broadcast reception. 

As it passes over the ground, the surface 
wave induces a voltage in the earth, setting 
up eddy currents. The energy to establish these 
currents is absorbed from the surface wave, 
thereby weakening it as it moves away from the 
transmitting antenna. Increasing the frequency, 
rapidly increases the attenuation so that surf ace 
wave communication is limited to relatively 
low frequencies. 

Shore-based transmitters are able to fur- 
nish long-range ground wave communications by 
using frequencies between 18 and 300 kc with 
extremely high power. 

Since the electrical properties of the earth 
along which the surface wave travels are 
relatively constant, the signal strength from a 
given station at a given point is nearly constant. 
This holds true in nearly all localities except 
those that have distinct rainy and dry seasons. 



There the difference in the amount of moisture 
causes the conductivity of the soil to change. 

The conductivity of salt water is 5,000 times 
as great as that of dry soil. High-power low- 
frequency transmitters are placed as close to 
the edge of the ocean as practical because of 
the superiority of surface wave conduction by 
salt water. 

SKY WAVE 

That part of the radio wave that moves up- 
ward and outward and that is not in contact with 
the ground is called the SKY WAVE. It behaves 
differently from the ground wave. Some of the 
energy of the sky wave is refracted (bent) 
by the ionosphere so that it comes back toward 
the earth. A receiver located in the vicinity 
of the returning sky wave will receive strong 
signals even though several hundred miles be- 
yond the range of the ground wave. 

IONOSPHERE 

The ionosphere is found in the rarefied at- 
mosphere approximately 40 to 350 miles above 
the earth. It differs from the other atmosphere 
in that it contains a much higher number of posi- 
tive and negative ions. The negative ions are 
believed to be free electrons. The ions are pro- 
duced by the ultraviolet and particle radiations 
from the sun. The rotation of the earth on its 
axis, the annual course of the earth around the 
sun, and the development of sun spots all af- 
fect the number of ions present in the ionosphere, 
and these in turn affect the quality and distance 
of radio transmission. 

The ionosphere is constantly changing. Some 
of the ions are recombining to form neutral 
atoms, while other atoms are being ionized by 
the removal of electrons from their outer orbits. 
The rate of formation and recombination of ions 
depends upon the amount of air present, and the 
strength of radiation from the sun. 

At altitudes above 350 miles, the particles of 
air are too sparse to permit large-scale ion 
formation. Below about 40 miles altitude, only 
a few ions are present because the rate of 
recombination is so high. Ultraviolet radiations 
from the sun are absorbed in passage through 
the upper layers of the ionosphere so that below 
an elevation of 40 miles too few ions exist to 
affect materially skywave communication. 
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Densities of ionization at different heights 
make the ionosphere appear to have layers. 
Actually there is thought to be no sharp dividing 
line between layers, but for the purpose of dis- 
cussion, a sharp demarcation is indicated. 

The ionized atmosphere at an altitude of 
between 40 and 50 miles is called the D layer. 
Its ionization is low and it has little effect on 
the propagation of radio waves except for the 
absorption of energy from the radio waves as 
they pass through it. The D layer is present 
only during the day. Its presence greatly re- 
duces the field intensity of transmissions that 
must pass through daylight zones. 

The band of atmosphere at altitudes between 
50 and 90 miles contains the so-called E layer. 
It is a well-defined band with greatest density 
at an altitude of about 70 miles. This layer is 
strongest during the daylight hours, and is 
also present but much weaker at night. The 
maximum density of the E layer appears at 
about noon local time. 

The ionization of the E layer at the middle 
of the day is sometimes sufficiently intense to 
refract frequencies up to 20 mc back to the 
earth. This action is of great importance to 
daylight transmissions for distances up to 
1,500 miles. 

The F layer extends approximately from the 
90- mile level to the upper limits of the iono- 
sphere. At night only one F layer is present; 
but during the day, especially when the sun is 
high, this layer often separates into two parts, 
Fj and F2, as shown in figure 13-17. Asa 
rule the F2 layer is at its greatest density 
during early afternoon hours, but there are 
many notable exceptions of maximum F2 density 
existing several hours later. Shortly after sun- 
set the Fi and F2 layers recombine into a 
single F layer. 

In addition to the layers of ionized atmos- 
phere that appear regularly, erratic patches 
of ionized atmosphere occur at E- layer heights 
in the manner that clouds appear in the sky. 
These patches are referred to as sporadic- E 
ionizations. They are often present in suf- 
ficient number and intensity to enable good 
v-h-f radio transmission over distances not 
normally possible. 

Sometimes sporadic ionizations appear in 
considerable strength at varying altitudes and 
actually prove harmful to radio transmissions. 
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Figure 13-17. — E layer and F layer of the 
ionosphere. 

EFFECT OF IONOSPHERE 
ON THE SKY WAVE 

The ionosphere has many characteristics. 
Some waves penetrate and pass entirely through 
it into space, never to return. Other waves 
penetrate but bend. Generally, the ionosphere 
acts as conductor, and absorbs energy in varying 
amounts from the radio wave. The ionosphere 
also acts as a radio mirror and refracts (bends) 
the sky wave back to the earth, as illustrated 
in figure 13-18. Here, the ionosphere does 
by refraction what water does to a beam of 
light. 



IONOSPHERE -y 




Figure 13- 18. -Refraction of the sky waves by 
the ionosphere. 

The ability of the ionosophere to return 
a radio wave to the earth depends upon the 
angle at which the sky wave strikes the ion- 
osphere, the frequency of the transmission, 
and ion density. 

When the wave from an antenna strikes the 
ionosphere at an angle the wave begins to bend. 
If the frequency is correct, (the ionosphere is 
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sufficiently dense and the angle is proper), the 
wave will eventually emerge from the ionosphere 
and return to the earth. If a receiver is located 
at either of the points B in figure 13-18, the 
transmission from point A will be received. 
The antenna height in the figure is not drawn 
to scale. The tallest antennas are not over 
1,000 feet in height. The sky wave in figure 
13-19 is assumed to be composed of rays that 
emanate from the antenna in three distinct 
groups that are identified according to the angle 
of elevation. The angle at which the group 1 
rays strike the ionosophere is too nearly verti- 
cal for the rays to be returned to the earth. 
The rays are bent out of line, but pass com- 
pletely through the ionosophere and are lost. 




13.30 

Figure 13- 19. -Effect of the angle of departure 
on the area of reception. 

The angle made by the group 2 rays is called 
the CRITICAL ANGLE for that frequency. Any 
ray that leaves the antenna at an angle greater 
than this angle (0) will penetrate the ionosphere. 

Group 3 rays strike the ionosphere at the 
smallest angle that will be refracted and still 
return to the earth. At any smaller angle the 
rays will be refracted but will not return to 
the earth. 

As the frequency increases, the critical 
angle decreases. Low-frequency fields can be 
projected straight upward and will be returned 
to the earth. The highest frequency that can 
be sent directly upward and still be returned 
to the earth is called the CRITICAL FRE- 
QUENCY. At sufficiently high frequencies, 
regardless of the angle at which the rays strike 
the ionosphere, the wave will not be returned to 
the earth. The critical frequency is not con- 
stant but varies from one locality to another, 
with the time of day, with the season of the 
year, and with the sunspot cycle. 



Because of this variation in the critical 
frequency, nomograms and frequency tables 
are issued that predict the maximum usable 
frequency (muf) for every hour of the day for 
every locality in which transmissions are made. 

Nomograms and frequency tables are pre- 
pared from data obtained experimentally from 
stations scattered all over the world. All this 
information is pooled, and the results are 
tabulated in the form of long-range predictions 
that remove most of the guess work from radio 
communications. 

In the example in figure 13-19, the area be- 
tween points B and C will receive the trans- 
mission by way of the refracted sky wave. 
The area between points A and E will receive 
the transmission by ground wave. All receivers 
located in the SKIP ZONE between points E and 
B will receive no transmissions from point A, 
because neither the sky wave nor the ground wave . 
reaches this area. 

EFFECT OF DAYLIGHT ON WAVE 
PROPAGATION 

The increased ionization during the day is 
responsible for several important changes in 
sky wave transmission. It causes the sky wave 
to be returned to the earth nearer to the point 
of transmission. The extra ionization increases 
the absorption of energy from the sky wave; if 
the wave travels a sufficient distance into the 
ionosphere, it will lose all of its energy. The 
presence of the Fi and E layers with the F2 
layer make long-range high-frequency com- 
munications possible, provided the correct fre- 
quencies are used. 

Absorption usually reduces the effective day- 
light communication range of low- frequency and 
medium- frequency transmitters to surface wave 
ranges. 

H-F LONG-RANGE COMMUNICATIONS 

The high degree of ionization of the F2 layer 
during the day, enabling refraction of high fre- 
quencies which are not greatly absorbed, has an 
important effect on transmissions of the high 
frequency band. Figure 13-20 shows how the 
F2 layer completes the refraction and returns 
the transmissions of these frequencies to the 
earth, thereby making possible long- range high- 
frequency communication during the daylight 
hours. 
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Figure 13-20,— Effect of the F2 layer on trans- 
mission of high frequency signals. 

The waves are partially bent ingoing through 
the E layer and the Fi layer, but are not re- 
turned to the earth until the F2 layer completes 
the refraction process. V-h-f waves pass 
directly through the ionosphere. 

The exact frequency to be used to communi- 
cate with another station depends upon the con- 
dition of the ionosphere and the distance between 
stations. As the ionosphere is constantly chang- 
ing, the nomograms and frequency tables are 
used to select the correct frequency for the 
desired distance and for the time of day the 
transmission is to be made. 

MULTIPLE REFRACTION 

The radio wave may be refracted many times 
between the transmitter and receiver locations, 
as shown in figure 13-21. In this example the 
radio wave strikes the earth at location A, with 
sufficient intensity to be reflected back to the 
ionosphere and there to be refracted and re- 
turned to the earth a second time. Frequently 
a sky wave has sufficient energy to be refracted 
and reflected several times, greatly increasing 
the range of transmission. Because of this so- 
called multiple-hop transmission, transoceanic 
and around- the -world transmission is possible 
with moderate power. 

FADING 

Fading is a term used to describe the varia- 
tions in signal strength that occur at the receiver 
during the time a signal is being received. 
There are several reasons for fading; some are 
easily understood while others are more com- 
plicated. 

One cause is probably the direct result of 
interference between single-hop (fig. 13- 18) and 
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Figure 13-21.— Multiple refraction and 
reflection of a sky wave. 



double-hop transmission (fig. 13-21) occurring 
simultaneously from the same source. If the 
two waves arrive in phase, the signal strength 
will be increased, but if the two waves arrive 
in phase opposition (180 degrees out-of- phase) 
they will cancel each other, and the signal will 
be weakened. 

Interference fading also occurs where the 
ground wave and sky wave come in contact with 
each other. This type of fading becomes severe 
if the two waves are approximately equal in 
strength. Fluctuations in the sky wave with a 
steady ground wave can cause worse fading than 
sky wave transmission alone. 

Variations in absorption and in the length of 
the path in the ionosphere are also responsible 
for fading. Occasionally, sudden disturbances 
in the ionosphere cause complete absorption of 
all sky wave radiation. 

Receivers located near the outer edge of the 
ship zone are subjected to fading as the sky wave 
alternately strikes and skips over the area. 
This type of fading sometimes causes the re- 
ceived signal strength to fall to nearly the zero 
level. 

FREQUENCY BLACKOUTS 

Frequency blackouts are closely related to 
certain types of fading, some of which are severe 
enough to completely blank out the transmission. 

Changing conditions in the ionosphere shortly 
before sunrise and shortly after sunset may 
cause complete blackouts at certain frequencies 
The higher frequency signals pass through the 
ionosphere while the lower frequency signals are 
absorbed by it. 
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Ionospheric storms (turbulent conditions in 
the ionosphere) often cause radio communica- 
tion to become erratic. Some frequencies will 
be completely blacked out, while others may be 
reinforced. Sometimes these storms develop 
in a few minutes, and at other times they re- 
quire as much as several hours to develop. A 
storm may last several days. 

When frequency blackouts occur, the oper- 
ator must be alert if he is not to lose contact 
with other ship or shore stations. In severe 
storms the critical frequencies are much lower, 
and the absorption in the lower layers of the 
ionosphere is much greater. 

V-H-F AND U-H-F COMMUNICATION 

In recent years there has been a trend toward 
the use of frequencies above 30 mc for short- 
range ship- to- ship and ship-to- airplane com- 
munications. 

Early concepts suggested that these trans- 
missions traveled in straight lines. This leads 
to the assumption that the u-h-f transmitter and 
receiver must be within sight of each other in 
order to simply radio contact. 

Extensive use and additional research show 
the early line-of-sight theory to be frequently 
in error because radio waves of these frequen- 
cies may be refracted. The receiver does not 
always have to be in sight of the transmitter. 
Although this type of transmission still is called 
line-of-sight transmission, it is better to call 
it v-h-f and u-h-f transmission. 

In general the v-h-f and u-h-f waves follow 
approximately straight lines, and large hills or 
mountains cast a radio shadow over these areas 
in the same way that they cast a 'shadow in the 
presence of light rays. A receiver located in a 
radio shadow will receive a weakened signal and 
in some cases, no signal at all. Theoretically, 
the range of contact is the distance to the hori- 
zon, and this distance is determined by the 
heights of the two antennas. However, as stated 
previously, communication is sometimes pos- 
sible many hundreds of miles beyond the as- 
sumed horizon range. This fact must be ob- 
served when transmission is to occur under 
conditions of radio security. 



EFFECT OF ATMOSPHERE ON H-F 
TRANSMISSIONS 

Unusual ranges of v-h-f and u-h-f contacts 
are caused by abnormal atmospheric conditions 
a few miles above the earth. Normally, the 
warmest air is found near the surface of the 
water. The air gradually becomes cooler as the 
altitude increases. Sometimes unusual situa- 
tions develop where warm layers of air are 
found above cooler layers. This condition is 
known as TEMPERATURE INVERSION. 

When a temperature inversion exists, the 
amount of refraction (index of refraction) is 
different for the particles trapped within the 
boundaries from those outside them. These dif- 
ferences form channels or ducts that will con- 
duct the radio waves many miles beyond the 
assumed normal range. 

Sometimes these ducts are in contact with 
the water and may extend a few hundred feet 
into the air. At other times the duct will start 
at an elevation of between 500 and 1,000 feet 
and extend an additional 500 to 1,000 feet in the 
air. 

If an antenna extends into the duct or if the 
wave enters a duct after leaving an antenna, the 
transmission may be conducted a long distance. 
An example of this type of transmission of 
radio waves in ducts formed by temperature 
inversions is shown in figure 13-22. 
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Figure 13-22.— Duct effect in high frequency 
transmission. 

With certain exceptions, ducts are formed 
over water where the following conditions are 
observed aboard ship: 

1. A wind is blowing from land. 

2. There is a stratum of quiet air. 

3. There are clear skies, little wind, and 
high barometric conditions. 
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4. A cool breeze is blowing over warm open 
ocean, especially in the tropic areas and in the 
trade-wind belt. 

5. Smoke, haze, or dust fails to rise, but 
spreads out horizontally. 

6. The moisture content of the air at the 
bridge is less than at the surface of the sea. 

7. The temperature at the bridge is higher 
than at the surface of the water. 

8. The received signal is fading rapidly. 

GENERAL USE OF FREQUENCIES 

Each frequency band has its own special 
uses. These uses depend upon the nature of 
the waves— surface, sky, or space, and the ef- 
fect that the sun, the earth, the ionosphere, and 
the atmosphere of the earth have on them. 

It is difficult to establish fixed rules for the 
choice of a frequency for a particular purpose. 
Some general statements can be made however 
as to which frequency bands are best suited to 
the type of transmission to be made. 

For example, if a long-range communication 
is to get through to a distant receiver, high power 
and low frequency should be used. The large 
international communication systems and the 
fleet broadcast stations use this combination 
of high power and low frequency. (Fleet broad- 
cast stations broadcast their messages without 
requiring a reply by the stations receiving the 
messages.) However, this combination requires 
an antenna array that may be too large for use 
with shipboard transmission. An alternative is 
to transmit the message to the nearest shore 
station for relay to its destination. 

During daylight the sky wave builds up to a 
peak of usefulness in the h-f band. At night the 
peak of sky wave usefulness is in the top third 
of the m-f band. The usefulness of the ground, 
or surface wave declines steadily as the higher 
frequencies are reached until it is of no value 
in the h-f band. The only means of radio com- 



munication in the v-l-f band and for a limited 
range above v-l-f band is the space wave com- 
ponent of the ground wave. 

Sky wave transmission (1,600 to 30,000 kc) 
is almost always associated with skip distances. 
Great range can be obtained, but in the process 
many receiving stations may be skipped in be- 
tween the source and the most remote point of 
expected receptions. Thus, one of the stations 
to which it is desired to get the signal may be 
skipped if the receiving station is located within 
any one of the skip zones associated with the 
frequency being transmitted. 

The most important frequencies for long- 
range transmission are those from 2,000 to 
18,100 kc (2 to 18.1 mc). This band is standard 
for long-distance naval communications from 
ship to ship and ship to shore. It is the band 
that is used most frequently and the one that is 
covered by the standard Navy transmitters such 
as the AN/SRT-14, 15, and 16, and AN/URC-32. 
The band is in the short-wave region, and 
transmissions are accomplished by means of 
the sky wave and are affected by skip distances. 
When long range is desired in daytime, the fre- 
quencies that should be used are approximately 
from 7 mc to 18 mc. For night communica- 
tions, frequencies below 10 or 15 mc should be 
used. 

Nonregistered Publications Memoranda 
(DNC-14A), which are supplied to the various 
ships of the Navy, contain tables that show the 
best frequencies within the band for communica- 
tion with various shore stations. These tables 
give the recommended frequency for every hour 
of the day for distances varying from 250 to 
5,000 miles for some stations. The direction 
of the receiving station from the ship transmit- 
ting the signals is also taken into account. 
DNC-14A covers a 3-month period with a sep- 
arate table for each month and for each major 
shore station. For specific and current infor- 
mation, consult these tables. 
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INTRODUCTION 

Many of the principles, circuits, and compo- 
nents discussed in previous chapters are directly 
applicable to radio receivers. A basic knowledge 
of them is therefore assumed in treating the 
material included in this chapter. 

At the radio transmitter the carrier fre- 
quency is modulated by the desired signal, 
which may consist of coded characters, voice, 
music, or other types of signals. AMPLITUDE 
MODULATION (a-m) occurs if the signals 
cause the amplitude of the carrier to vary. 
FREQUENCY MODULATION (f-m) occurs if 
the signals cause the frequency of the carrier, 
or center frequency, to vary. Although there are 
other types of modulation, only a-m and f-m 
receivers will be treated in this chapter. 

The r-f carrier wave with the modulating 
signal impressed upon it is transmitted through 
space as an electromagnetic wave to the antenna 
of the receiver. As the wave passes across 
the receiving antenna, small a-c voltages are 
induced in the antenna. These voltages are 
coupled into the receiver via the antenna coupling 
coil. The function of the receiver is to select 
the desired carrier frequency from those present 
in the antenna circuit and to amplify the small 
a-c signal voltage. The receiver then removes 
the carrier by the process of detection (recti- 
fication and the removal of the r-f component) 
and amplifies the resultant audio signal to the 
proper magnitude to operate the loudspeaker 
or earphones. 

Three major types of radio receivers are 
reviewed in this chapter-the TUNED-RADIO- 
FREQUENCY (t-r-f) receiver, the SUPER- 
HETERODYNE receiver, and the FREQUENCY- 
MODULATION (f-m) receiver. The a-m and 
f-m superheterodyne receivers are often 
combined in one set, because many of the 
circuit components are common to both types 
of receivers. 



T-R-F RECEIVERS 

OPERATING PRINCIPLE 

The tuned- radio-frequency receiver, gen- 
erally known as the t-r-f receiver, consists 
of one or more r-f stages, a detector stage, 
one or more a-f stages, a reproducer, and 
the necessary power supply. A block diagram 
of a t-r-f receiver is shown in figure 14-1. 
The waveforms that appear in the respective 
sections of the receiver are shown below 
the block diagram. 

The amplitude of the a-m signal at the input 
of the receiver is relatively small because it 
has been attenuated in the space between the 
transmitter and the receiver. It is composed 
of the carrier frequency and the modulation 
envelope. The r-f amplifier stages amplify 
the waveform, but they do not change its basic 
shape if the circuits are operating properly. 
The detector rectifies and removes the r-f 
component of the signal. The output of the 
detector is a weak signal made up only of the 
modulation component, or envelope, of the 
incoming signal. The a-f amplifier stages 
following the detector increase the amplitude 
of the a-f signal to a value sufficient to operate 
the loudspeaker or earphones. 

COMPONENTS 

R-F Section 

The ANTENNA -GROUND SYSTEM serves to 
introduce the desired signal into the first r-f 
amplifier stage via the antenna coupling trans- 
former. For best reception the resistance of 
the antenna- ground system should be low. 
The antenna should also be of the proper length 
for the band of frequencies to be received; 
and the antenna impedance should match the 
input impedance of the receiver. The gain 
of most commercial receivers, however, is 
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Figure 14-1. — Block diagram of a t-r-f receiver and waveforms. 



generally sufficient to make these values non- 
critical. 

The R-F AMPLIFIERS in the t-r-f receiver 
have tunable tanks in the grid circuits. Thus, 
the receiver may be tuned so that only one 
r-f signal within its tuning range is selected 
for amplification. When the tank is tuned to 
the desired frequency, it resonates and produces 
a relatively large circulating current. The 
grid of the r-f amplifier then receives a 
relatively large signal voltage at the resonant 
frequency, and minimum signals at other 
frequencies. 

The relative ability of a receiver to select 
one particular frequency and to reject all 
others is called the SELECTIVITY of the 
receiver. The relative ability of the receiver 
to amplify small signal voltages is called the 
SENSITIVITY of the receiver. Both of these 
values may be improved by increasing the 
number of r-f stages. When this is done, 
the tuning capacitors in the grid tank circuits 
are usually ganged on the same shaft and 
trimmers are added in parallel with each 
capacitor to make the stages track at the 
same frequency. In addition, the outer plates 
of the rotor sections of the capacitors are 
sometimes slotted to enable more precise 
alignment throughout the tuning range. 

Tetrodes or pentodes are generally used 
in r-f amplifiers because, unlike triodes, they 
do not usually require neutralization. They 
also have higher gain than triodes. 



A typical r-f amplifier stage employing a 
pentode is shown in figure 14-2. Tuned circuit 
L2C1 is inductively coupled to LI, the antenna 
coil. Rl and C3 provide operating bias for the 
tube. C4 and R2 are the screen bypass capac- 
itor and dropping resistor, respectively. The 
tuned circuit, L4C6, couples the following stage 
inductively to L3. Both transformers are of 
the air- core type. The dotted lines indicate 
mechanical ganging of CI and C6 on the same 
shaft. The tuning capacitor in the next stage 
is also ganged on the same shaft. 

If it is desired to cover more than one 
frequency range, additional coils having the 
proper inductance are used. They are some- 
times of the plug- in variety, but more generally 
they are mounted on the receiver and their 
leads are connected to a multicontact rotary 
switch. The latter method is preferable for 
BAND SWITCHING because the desired band 
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Figure 14-2. -R-f amplifier stage. 
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can be selected simply by turning the switch. 
The same tuning capacitor is used for each 
band. However, when band switching is 
employed, the trimmers are connected across 
the individual tuning inductors and not across 
the main tuning capacitors. 

Decoupling circuits are designed for both 
r-f and a-f amplifiers to counteract feedback. 
Thus, in the r-f amplifier in figure 14-2, 
C5 and R3 make up the decoupling circuit. 
R3 offers a high impedance to the signal 
current, but C5 offers a low impedance. 
Consequently the signal current is shunted 
to ground around the B supply. Since R3 
also offers a high resistance to d-c current, 
it may be replaced by a choke coil having 
a high impedance only to the signal current. 
Each stage is similarly equipped with a de- 
coupling circuit. 

A mechanical or an electrical bandspread 
may be used as an aid in separating stations 
that are crowded together on the tuning dial. 
MECHANICAL BANDSPREAD is simply a 
micrometer arrangement to reduce the motion 
of the capacitor rotor as the tuning knob is 
turned. When ELECTRICAL BANDSPREAD is 
used a small variable capacitor is connected 
in parallel with the tuning capacitor. Because 
of its small size, this variable capacitor may 
be moved a considerable amount before it 
causes an appreciable change in the frequency 
of the tuned circuit. If the tuning capacitors 
are ganged, the bandspread capacitors are 
also ganged. 

Detector 

The process of removing the intelligence 
component of the modulated wave form from 
the r-f carrier is called DETECTION or 
DEMODULATION. In the a-m system the audio 
or intelligence component causes both the pos- 
itive and the negative half cycles of the r-f 
wave to vary in amplitude. The function of the 
detector is to rectify the modulated signal. 
A suitable filter eliminates the remaining r-f 
pulses and passes the audio component on to 
the a-f amplifiers. 

Details of the various methods of detection 
are treated in chapter 10. Each of the several 
methods that might be used in the t-r-f receiver 
have certain inherent weaknesses. For example, 
the diode detector requires several stages of 



amplification ahead of the detector. It loads 
its tuned input circuit, and therefore the sensi- 
tivity and selectivity of the circuit are reduced. 
However, it can handle strong signals without 
overloading, and its linearity is good. 

The grid-leak detector is sensitive (and 
therefore requires fewer stages of ampli- 
fication), but it has poor linearity and selec- 
tivity and it maybe overloaded on strong signals. 

The regenerative detector is very sensitive 
and has excellent selectivity, but it has poor 
linearity and easily overloads on strong signals. 

The circuit shown in figure 14-3 employs 
plate detection. It has medium sensitivity 
and the ability to handle strong signals with- 
out overloading. The selectivity of this circuit 
is excellent, but because the ip-e g graph is 
curved near the cutoff point (where the plate 
detector operates) some distortion in the output 
cannot be avoided. 

In figure 14-3, the tube is biased nearly 
to cutoff by the average plate current that flows 
through Rl. This average value increases as 
the signal strength increases. On positive 
half cycles of the incoming signals the plate 
current varies with the amplitude of the modu- 
lating wave and produces the desired a-f output 
voltage. On negative half cycles no appreciable 
plate current flows. Between positive half 
cycles the bias voltage is held constant across 
Rl by the action of C3, because the time 
constant of R1C3 is long compared with the 
time for the lowest a-f cycle. 

The r-f pulses are filtered out by means of 
a low-pass filter (consisting of C4, L2, and 
C5), which rejects the r-f component and 
passes the a-f component. C6 couples the a-f 
component to the first audio amplifier. R2 is 
the plate load resistor, and the combination 
R3C7 makes up the decoupling circuit. 




Figure 14-3. -Plate detector circuit. 
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A-F Section 

The function of the a-f section of a receiver 
is to further amplify the audio signal, which 
is commonly fed via the volume control to 
the grid of the first audio amplifier tube. 
In most cases the amount of amplification that 
is necessary depends on the type of reproducer 
used. If the reproducer consists of earphones, 
only one stage of amplification maybe necessary. 
If the reproducer is a large speaker or other 
mechanical device requiring a large amount of 
power, several stages may be necessary. In 
most receivers the last a-f stage is operated 
as a power amplifier. 

A necessary part of the a-f section is some 
means of manual control of the output signal 
level of the receiver. 

A MANUAL VOLUME CONTROL may be 
employed in a number of receiver circuits. 
Normally this control varies the amplitude of 
the signal applied to the grid of an amplifier 
tube, as shown in figure 14-3. Increasing 
the resistance between ground and the sliding 
contact increases the amplitude of the signal 
applied to the grid of the driven stage. 

An A-F OUTPUT STAGE is shown in figure 
14-4. CI couples the first a-f amplifier to the 
output stage, and Rl is the grid coupling 
resistor. R2 and C2 provide a steady bias. 
Because of the low frequencies involved, C2 
should have a larger value of capacitance than 
similar bypass capacitors in the r-f section. 
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Figure 14-4. — Audio amplifier output stage. 



C4 is the plate-bypass, or decoupling capacitor. 
C3 has a small value of capacitance and by- 
passes some of the higher frequencies around 
the output transformer, thus emphasizing the 
bass. The impedance of the output- transformer 
primary commonly represents a compromise 
between maximum power transfer and minimum 
distortion. The impedance of the secondary 
is chosen to match the impedance of the voice 
coil. Some secondaries have taps on the windings 
to permit an impedance match to a variety of 
voice-coil impedances. 

TONE CONTROL may be used in commu- 
nications receivers. The purpose of tone control 
is to emphasize either the low or the high 
frequencies, by shunting the undesired fre- 
quencies around the remainder of the circuit 
components in the audio section. A simple 
tone-control circuit, such as the series capac- 
itor C5 and variable resistor R3 combination 
shown in figure 14-4, may be connected between 
plate and ground or between grid and ground 
in any of the audio stages of a receiver. In 
this figure it is connected between plate and 
ground. The value of the series capacitor 
is such that it will bypass to ground the high- 
frequency components. The amount of high- 
frequency energy removed by the tone-control 
circuit is determined by the setting of the 
variable- resistor control arm. When the re- 
sistance is low, the high frequencies are 
attenuated; when it is high they appear in the 
output. 

Feedback voltage from output to input is 
sometimes developed across the impedance of 
the common power supply. For frequencies 
within the usable audio range, this impedance 
is sufficiently low so that insufficient feedback 
is obtained to cause oscillation. However, for 
extremely low frequencies, the capacitors in 
the power supply will sometimes have enough 
impedance to cause oscillation. 

MOTORBOATING IN AUDIO STAGES. -When 
two or more audio amplifier stages are supplied 
from a common B supply, feedback occurs as 
a result of common coupling between the plate 
circuits, and some method of decoupling must 
be employed. The coupling consists of the 
internal impedance of the source of plate 
voltage. The feedback may either increase 
or decrease the amplification depending on 
the phase relation between the input voltage 
and the feedback voltage. In a multistage 
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amplifier the greatest transfer of feedback 
energy occurs between the final and first 
stages because of the high amplification through 
the multistage amplifier. 

The effects of feedback are important if the 
feedback voltage coupled into the plate circuit 
of the first stage is appreciable compared to 
the signal voltage that would be developed if 
feedback did not exist. For example, a three- 
stage resistance- coupled amplifier maydevelop 
a feedback voltage (coupled via the B supply 
into the plate circuit of stage 1) which is in 
phase with the signal voltage of stage 1 and 
hence may cause oscillations to be set up. 
In audio amplifiers having high gain and a 
good low-frequency response this regeneration 
causes a low-frequency oscillation known as 
"motorboating M because of the "putt-putt" 
sound in the speaker. 

Design engineers usually decouple plate 
circuits by adding a series resistor to the 
input stage, between its plate load and B+, 
and bypassing that resistor to ground. The 
appearance of motorboating reveals the need of 
replacing either the decoupling resistor or its 
bypass capacitor. 

Loudspeakers and Earphones 

Figure 14-5 shows three types of audio 
reproducers. 

In the permanent-magnet dynamic type of 
reproducer (fig. 14- 5, A) a strong field is 
established between the pole pieces by means 
of a powerful permanent magnet. The flux 
is concentrated in the air gap between a 
permeable soft-iron core and an external yoke. 
The voice coil is mounted in the air gap. 
When a-c signal currents flow in the coil a 
force proportional to the strength of the current 
is applied to the coil, and the coil is moved 
axially in accordance with the- a-c signal. 
The loudspeaker diaphragm is attached to the 
voice coil and moves in accordance with the 
signal currents, thus setting up sound waves 
in the air. The corrugated diaphragm to which 
the speaker cone is attached keeps the cone 
in place and properly centered. 

As in figure 14- 5, B, an electromagnet may 
be used in place of the permanent magnet to 
form an electromagnetic dynamic speaker. 
However, in this instance sufficient d-c power 
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Figure 14-5.— Types of audio reproducers. 

must be available to energize the field. The 
operation is otherwise much the same as that of 
the permanent-magnet type. 

The basic components of earphones are shown 
in figure 14- 5, C. When no signal currents 
are present, the permanent magnet exerts a 
steady pull on the soft- iron diaphragm. Signal 
current flowing through the coils mounted on the 
soft- iron pole pieces develops a magneto- 
motive force that either adds to or subtracts 
from the field of the permanent magnet. The 
diaphragm thus moves in or out according 
to the resultant field. Sound waves will then 
be reproduced that have amplitude and fre- 
quency (within the capability of the reproducer) 
similar to the amplitude and frequency of the 
signal currents. 
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CIRCUIT OF THE T-R-F RECEIVER 

The complete circuit of a t-r-f radio 
receiver operated from an a-c power supply 
is shown in figure 14-6. The receiver uses 
two pentodes in the r-f section, one triode 
operated as a plate detector, and two pentode 
a-f amplifier stages that feed the loudspeaker. 

From previous discussions, the various 
circuits may be identified and the signal may 
be traced from the antenna- ground system to 
the loudspeaker. The dotted lines indicate that 
the three main tuning capacitors are ganged on 
a single shaft. Across each of the main tuning 



capacitors is connected a trimmer capacitor 
to enable circuit alignment. The ground circuit 
and the various decoupling circuits may be 
readily identified. The power supply voltage 
is obtained from a conventional full -wave 
rectifier. Rectifier and tube filament currents 
are obtained from two low-voltage windings on 
the power transformer. 

CHARACTERISTICS OF THE 
T-R-F RECEIVER 

The principal disadvantage of the t-r-f 
receiver is that its selectivity, or its ability 
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Figure 14-6. -Circuit of a t-r-f receiver. 
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to separate signals, does not remain constant 
over its tuning range. As the set is tuned from 
the low-frequency end of its tuning range to 
the high frequency end, its selectivity decreases. 

Also, the amplification, or gain, of a t-r-f 
receiver is not constant over the tuning range 
of the receiver. The gain depends on r-f 
transformer gain, which increases with fre- 
quency. In order to improve the gain at the 
low-frequency end of the band, r-f transformers 
employing high- impedance (untuned) primaries 
are designed so that the primary inductance will 
resonate with the primary distributed capac- 
itance at some frequency slightly below the low 
end of the tunable band. Thus, the gain is good 
at the low end of the band because of the 
resonant buildup of primary current. The 
near- resonant condition of the primary at the 
low end more than offsets the effect of reduced 
transformer action. However, the shunting 
action of the primary distributed capacitance 
lowers the gain at the high-frequency end of 
the band. To make up for the resultant poor 
gain at the high end of the band, a small 
capacitor is connected between the plate and 
grid leads of adjacent r-f stages to supplement 
the transformer coupling. At the low end of 
the band the capacitive coupling is negligible. 

The superheterodyne receiver has been 
developed to overcome many of the disadvantages 
of the t-r-f receiver. 



SUPERHETERODYNE RECEIVERS 

OPERATING PRINCIPLE 

The essential difference between the t-r-f 
receiver and the superheterodyne receiver is 
that in the former the r-f amplifiers preceding 
the detector are tunable over a band of fre- 
quencies; whereas in the latter the corre- 
sponding amplifiers are tuned to one fixed 
frequency called the INTERMEDIATE FRE- 
QUENCY (i-f). The principle of frequency 
conversion by heterodyne action is here employed 
to convert any desired station frequency within 
the receiver range to this intermediate fre- 
quency. Thus an incoming signal is converted 
to the fixed intermediate frequency before 
detecting the audio signal component, and the 
i-f amplifier operates under uniformly optimum 
conditions throughout the receiver range. The 
i-f circuits thus may be made uniformly selec- 
tive, uniformly high in voltage gain, and 
uniformly of satisfactory bandwidth to contain 
all of the desired sideband components associ- 
ated with the amplitude-modulated carrier. 

The block diagram of a typical super- 
heterodyne receiver is shown in figure 14-7. 
Below corresponding sections of the receiver 
are shown the waveforms of the signal at that 
point. The r-f signal from the antenna passes 
first through an r-f amplifier (preselector) 
where the amplitude of the signal is increased. 
A locally generated unmodulated r-f signal of 
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Figure 14-7.— Block diagram of a superheterodyne receiver and waveforms. 
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constant amplitude is then mixed with the carrier 
frequency in the mixer stage. The mixing or 
heterodyning of these two frequencies produces 
an intermediate-frequency signal which contains 
all of the modulation characteristics of the 
original signal. The intermediate frequency 
is equal to the difference between the station 
frequency and the oscillator frequency asso- 
ciated with the heterodyne mixer. The inter- 
mediate frequency is then amplified in one 
or more stages called INTERMEDIATE- 
FREQUENCY (i-f) AMPLIFIERS and fed to a 
conventional detector for recovery of the audio 
signal. 

The detected signal is amplified in the a-f 
section and then fed to a headset or loudspeaker. 
The detector, the a-f section, and the reproducer 
of a superheterodyne receiver are basically the 
same as those in a t-r-f set, except that diode 
detection is generally used in the super- 
heterodyne receiver. Automatic volume control 
or automatic gain control also is commonly 
employed in the superheterodyne receiver. 

R-F AMPLIFIER 

If an r-f amplifier is used ahead of the 
mixer stage of a superheterodyne receiver it 
is generally of conventional design. Besides 
amplifying the r-f signal, the r-f amplifier has 
other important functions. For example, it 
isolates the local oscillator from the antenna- 
ground system. If the antenna were connected 
directly to the mixer stage, a part of the local 
oscillator signal might be radiated into space. 
This signal could be picked up by a sensitive 
direction finder on any enemy ship. For this 
reason and others. Navy superheterodyne re- 
ceivers are provided with at least one r-f 
amplifier stage. 

Also, if the mixer stage were connected 
directly to the antenna, unwanted signals, called 
IMAGES, might be received, because the mixer 
stage produces the intermediate frequency by 
heterodyning two signals whose frequency differ- 
ence equals the intermediate frequency. (The 
heterodyne principle is treated later in this 
chapter.) 

The image frequency always differs from 
the desired station frequency by twice the inter- 
mediate frequency— Image frequency = station 
frequency * (2 X intermediate frequency). The 
image frequency is higher than the station 



frequency if the local oscillator frequency 
tracks (operates) above the station frequency 
(fig. 14-8, A). The image frequency is lower 
than the station frequency if the local oscillator 
tracks below the station frequency (fig. 14-8, B). 
The latter arrangement is generally used for 
the higher frequency bands, and the former, 
for the lower frequency bands. 

For example, if such a receiver having an 
intermediate frequency of 455 kc is tuned to 
receive a station frequency of 1500 kc (fig. 
14-8, A), and the local oscillator has a fre- 
quency of 1955 kc, the output of the i-f ampli- 
fier may contain two interfering signals— one 
from the 1500-kc station and the other from 
an image station of 2410 kc (1500 + 2 X 455 
= 2410 kc). The same receiver tuned near 
the low end of the band to a 590-kc station 
has a local oscillator frequency of 1045 kc. 




STATION DIAL 

A 

OSCILLATOR ABOVE STATION 




STATION DIAL 
B 

OSCILLATOR BELOW STATION 



20 261 



Figure 14-8.— Relation of image frequency 
to station frequency in a superheterodyne 
receiver. 
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The output of the i-f amplifier contains the 
station signal (1045-590 = 455 kc) and an image 
signal (1500-1045 455 kc). Thus the 1500-kc 
signal is an image heard simultaneously with 
the 590-kc station signal. 

It may also be possible for ANY two signals 
having sufficient strength, and separated by the 
intermediate frequency to produce unwanted 
signals in the reproducer. The selectivity 
of the preselector tends to reduce the strength 
of these images and unwanted signals. 

The ratio of the amplitude of the desired 
station signal to that of the image is called 
the IMAGE REJECTION RATIO and is an 
important characteristic of a superheterodyne 
receiver. Better superheterodyne receivers 
are therefore equipped with one or more pre- 
selector stages, a typical example of which is 
shown in figure 14-9. 

The preselector stage employs a variable- 
mu tube and cathode bias. LI is the antenna 
coil, L2 and CI make up the tuned input 
circuit, and C2 is the trimmer used for 
alignment purposes. The dotted line indicates 
ganged tuning capacitors. Usually these are 
the tuning capacitor of the mixer input tank 
circuit and the local oscillator tuning capacitor. 
C3 provides low impedance coupling between 
the lower end of L2 and the grounded end of 
C2, thus bypassing the decoupling filters in the 
automatic- v o lume-control (a- v-c) circuit. 
(Automatic-volume, or automatic -gain, control 
is treated later in this chapter.) The r-f 
transformer in the output circuit consists of 
an untuned high-impedance primary, L3, and 
a tuned secondary, L4, which resonates with 
tuning capacitor C5 at the station frequency. 
R-f bypass capacitor C6 serves a function 
similar to that of C3. 
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Figure 14-9. — Typical superheterodyne 
preselector stage. 



First Detector 

The first detector, or frequency-converter, 
section of a superheterodyne receiver is 
composed of two parts— the oscillator and the 
mixer. In many receivers, particularly at 
broadcast frequencies, the same vacuum tube 
serves both functions, as in the pentagrid 
converter shown in figure 14-10. The operation 
of the tube may be simplified somewhat if both 
stages (oscillator and mixer) are considered 
as exerting two different influences on the 
stream of electrons from cathode to plate. 
These electrons are influenced by the oscillator 
stage (grids, 1,2, and 4) and also by the station 
input signal on grid number 3. Thus, coupling 
between the input signal and the oscillator 
takes place within the electron stream itself. 

There is a tendency for the local oscillator 
to synchronize with the station frequency signal 
applied to grid 3. At high frequencies where 
the two signals have nearly the same frequency, 
the pentagrid converter is replaced with a mixer 
tube and a separate oscillator tube. This type 
of circuit provides frequency stability for the 
local oscillator. 

The oscillator stage employs a typical Hart- 
ley circuit in which C5 and the oscillator coil 
make up the tuned circuit. C4 is the trimmer 
capacitor which is used for alignment (tracking) 
purposes. C3 and R2 provide grid-leak bias 
for the oscillator section of the tube. Grid 1 is 
the oscillator grid, and grids 2 and 4 serve as 
the oscillator plate. Grids 2 and 4 are con- 
nected together and also serve as a shield for 
the signal input grid, 3. 

Grid 3 has a variable-mu characteristic, and 
serves as both an amplifier and a mixer grid. 
The tuned input is made up of Ll and CI, with 
the pirallel trimmer C2. The dotted lines 
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Figure 14- 10. -First detector employing a 
pentagrid converter. 
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drawn through CI and C5 indicate that both of 
these capacitors are ganged on the same shaft 
(in this example with the preselector tuning 
capacitor). The plate circuit contains the sta- 
tion frequency and the oscillator frequency 
signals both of which are bypassed to ground 
through the low reactance of C6 and C7. The 
heterodyne action within the pentagrid converter 
produces additional frequency components in the 
plate circuit, one of which is the difference fre- 
quency between the oscillator and the station 
frequency. The difference frequency is the 
intermediate frequency and is developed across 
C6 and L2. This signal is coupled to the first 
i-f amplifier grid through the desired band-pass 
coupling which is wide enough to include the side- 
band components associated with the amplitude- 
modulated signal applied to grid 3 of the penta- 
grid converter. 

The conversion gain in a pentagrid converter 

is, 

fi= V d S c , 

where is the a-c plate resistance with the 
station r-f carrier applied, and S c is the con- 
version transconductance (30% to 40% of the 
g m of the pentode amplifier). Conversion gain 
is the change in plate voltage at the inter- 
mediate frequency divided by the change in 
grid voltage at the r-f station frequency for 
equal changes in plate current at the intermediate 
frequency. Expressed as a formula, 

. i-f output volts 

conversion gain = — j- m — *4 — rr — . 

& r-f input volts 

The conversion gain of a typical pentagrid con- 
verter used in broadcast receivers ranges be- 
tween 30 and 80. 



Heterodyne Principle 

The production of audible beat notes is a 
phenomenon that is easily demonstrated. For 
example, if two adjoining piano keys are struck 
simultaneously, a tone will be produced that 
rises and decreases in intensity at regular 
intervals. This action results from the fact 
that the rarefactions and compressions produced 
by the vibrating strings will gradually approach 
a condition in which they reinforce each other 



at regular intervals of time with an accompanying 
increase in the intensity of the sound. Likewise 
at equal intervals of time, the compressions and 
rarefactions gradually approach a condition in 
which they counteract each other, and the in- 
tensity is periodically reduced. 

This addition and subtraction of the in- 
tensities at regular intervals produces BEAT 
FREQUENCIES. The number of beats produced 
per second is equal to the difference between 
the two frequencies. 

The production of beats in a superheterodyne 
receiver is somewhat analogous to the action of 
the piano, except that with the receiver the 
process is electrical and the frequencies are 
much higher. Figure 14-11 indicates graphically 
how the beat frequency (intermediate frequency) 
is produced when signals of two different fre- 
quencies are combined in the mixer tube. The 
resultant envelope varies in amplitude at the 
difference frequency, as indicated by the dotted 
lines. 

In this example, one voltage, e s , has a 
frequency of 8 cycles per second and the other 
voltage, eo, has a frequency of 10 cycles per 
second. Initially, the amplitudes of the two 
voltages add at instant A, but at instant B the 
relative phase of e 0 has advanced enough to 
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Figure 14- 11. — Simplified graphical analysis 
of the formation of beats. 
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oppose e s , and the amplitude of the resultant 
envelope is reduced to a value dependent upon 
e s . At instant C the relative phase of e 0 has 
advanced enough to permit the amplitudes to add 
again. Thus, 1 cycle of amplitude variation of 
the envelope takes place in the time interval 
that e 0 needs to gain 1 cycle over es. From 
figure 14-11 it may be seen that e 0 gains 2 
cycles in the interval A to E. Therefore, the 
beat or difference frequency is 2 cycles per 
second. In the superheterodyne receiver the 
amplitude of the oscillator signal is designed 
to be greater than that of any received signal. 

I-f Amplifier 

The i-f amplifier is a high-gain circuit 
commonly employing pentode tubes. This ampli- 
fier is permanently tuned to the frequency dif- 
ference between the local oscillator and the 
incoming r-f signal. Pentode tubes are generally 
employed, with one, two, or three stages, de- 
pending on the amount of gain needed. As pre- 
viously stated, all incoming signals are con- 
verted to the same frequency by the frequency 
converter, and the i-f amplifier operates at only 
one frequency. The tuned circuits, therefore, 
are permanently adjusted for maximum gain 
consistent with the desired band pass and fre- 
quency response. These stages operate as 
class-A voltage amplifiers and practically all 
of the selectivity of the superheterodyne re- 
ceiver is developed by them. 

Figure 14-12 shows the first i-f amplifier 
stage. The minimum bias is established by 
means of R1C1, and automatic volume control 
is applied to the grid through the secondary of 
the preceding coupling transformer. 

The output i-f transformer, which couples the 
plate circuit of this stage to the grid circuit of the 
second i-f stage, is tuned by means of capacitors 
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Figure 14-12. — First i-f amplifier stage. 



C2 and C3. Mica or air-trimmer capacitors may 
be used. In some instances the capacitors are 
fixed, and the tuning is accomplished by means of 
a movable powdered- iron core. This method is 
called PERMEABILITY tuning. In special cases 
the secondary only is tuned. The coils and capac- 
itors are mounted in small metal cans which 
serve as shields, and provision is made for 
adjusting the tuning without removing the shield. 

The input i-f transformer has a lower co- 
efficient of coupling than the output transformer 
in some receivers in order to suppress noise 
from the pentagrid converter. The output i-f 
transformer is slightly overcoupled with double 
humps appearing at the upper and lower side- 
band frequencies. The overall response of the 
stage is essentially flat, and in typical broad- 
cast receivers has a voltage gain of about 200 
with a bandpass of 7 to 10 kc and an i-f of 
about 456 kc. 

The chief characteristic of the double-tuned 
bandpass coupling is that at frequencies slightly 
above and slightly below the intermediate fre- 
quency the impedance coupled into the primary 
by the presence of the secondary is reactive. 
This cancels some of the reactance existing in 
the primary, and the primary current increases. 
Thus the output voltage of the secondary does 
not fall off and the response is uniform within 
the pass band. The double -tuned i-f amplifier 
is discussed in detail in chapter 6. 

Crystal Filter 

A quartz crystal, used as a selective filter 
in the i-f section of a communications receiver, 
is one of the most effective methods of achieving 
maximum selectivity. It is especially useful 
when the channel is crowded and considerable 
noise (both external and internal) is present. 
The crystal acts as a high-Q tuned circuit, 
which is many times more selective than tuned 
circuits consisting of inductors and capacitors. 
The crystal dimensions are so chosen that the 
crystal will be in resonance at the desired 
intermediate frequency. 

One of the simplest of a number of possible 
circuit arrangements is shown in figure 14-13. 
The crystal is in one arm of a bridge circuit. 
The secondary of the input transformer is 
balanced to ground through the center- tap con- 
nection. The phasing capacitor, C4. is in another 
arm of the bridge circuit. The crystal acts as 
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14-13.— Crystal filter used in the i-f 
ion of a superheterodyne receiver. 



a high-Q series- resonant circuit and allows 
signals within the immediate vicinity of reso- 
nance to pass through the crystal to the output 
coil, L3. The desired signal appears between 
the center tap of L3 and ground. 

The capacity between the crystal holder 
plates may bypass unwanted signals around the 
crystal. Therefore, some method must be 
provided to balance out this capacitance. 

In this circuit, balancing is accomplished 
by taking a voltage 180° out of phase with the 
instantaneous voltage across the crystal and 
applying it via C4 in such a way as to neutralize 
the undesired signal voltage. The balanced input 
circuit in this case is obtained by the use of a 
center-tapped inductor. The tap on L3 permits 
the proper impedance match. 

Second Detector 

Most superheterodyne receivers employ a 
diode as the second detector. This type of 
detector is practical because of the high gain 
as well as the high selectivity of the i-f stages. 
The diode detector has good linearity and can 
handle large signals without overloading. For 
reasons of space and economy, the diode detec- 
tor and first audio amplifier are often included 
in the same envelope in modern superheterodyne 
receivers. 

A simple diode detector is shown in figure 
14-14. The rectified voltage appears across 
Rl, which also serves as the volume-control 
potentiometer. Capacitor C2 bypasses the r-f 
component to ground, and C3 couples the output 
of the detector to the first audio amplifier 
stage. The tpned circuit L2C1 is the secondary 
of the last i-f transformer. 

The time constant of R1C2 is long compared 
to the time for one i-f cycle but short compared 
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Figure 14-14.— Diode detector. 

to the time for one a-f cycle. If the inter- 
mediate frequency is 456 kc the time for one 
i-f cycle in microseconds is 



1 

0.456 



= 2.19 fis. 



If Rl is 250 k-ohms and C2 is 100/^f the time 
constant in microseconds is 

0.25 x 100 = 25/xs. 

The demodulation capacitor, C2, discharges 
through Rl in one-half the time for one a-f 

cycle ^g^. The time required to discharge C2 
is 5R1C2 seconds. Thus, 



1 

2f = 
f = 



5R1C2 
1 

10R1C2 



10 x 0.250 x 10 6 x 100 x 10-12 
106 



10 3 x 0.250 



= 4,000 cps. 



Thus, the highest audio frequency which C2 
is capable of following without distortion is, in 
this example, 4,000 cps. In order to increase 
the response of the diode detector the time con- 
stant of R1C2 is reduced, for example, by 
decreasing Rl to 100 k-ohms. The highest 
audio frequency now becomes 



f = 



1_ 

10R1C2 



I 



10 x 0.100 x 10 6 x 100 x 10- 12 



10^ 

10*000 cps. 
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Demodulation capacitor C2 cannot discharge 
rapidly enough to follow modulation frequencies 
higher than 10,000 cps (in this case), and 
clipping results with all higher audio fre- 
quencies. The diode detector is discussed in 
detail in chapter 10. 

Automatic Gain Control 

Under ideal conditions, once the manual 
volume or gain control has been set, the output 
signal should remain at the same level even if 
the input signals vary in intensity. The develop- 
ment of variable- mu tubes makes it possible to 
devise a practical a-v-c or a-g-c circuit, since 
the amplification of the tube may be controlled 
by varying the grid-bias voltage. All that is 
needed is a source of bias voltage that varies 
with the signal strength. If this voltage is ap- 
plied as bias to the grids of the variable-mu 
r-f amplifier stages, the grids will become 
more negative as the signal becomes stronger. 
The amplification will thus be reduced, and 
the output of the receiver will tend to remain 
at a constant level. Unless the selectivity of 
the i-f stages is good, strong adjacent- channel 
signals will reduce receiver gain when a weak 
signal is tuned in. When no interference is 
present, a-v-c holds the audio output constant 
as the input signal amplitude varies over a 
wide range. 

The LOAD RESISTOR of a diode detector is 
an excellent source of this voltage, since the 
rectified signal voltage will increase and de- 
crease with the signal strength. A filter is 
ised to remove the a-f component of the signal 
and at the same time to prevent the a-v-c 
circuit from shorting the audio output. Only 
he slower variations due to fading or change 
}f position of the receiving antenna, and so forth, 
■vill then affect the gain of the r-f amplifier 
stages because the a-v-c circuit cannot com- 
pensate for very fast or extreme variations. 

Figure 14-15 shows how the a-v-c voltage 
is obtained. The a-v-c voltage is tapped off at 
:he negative end of the diode load resistor, R2 
(fig. 14- 15, A), which is also the manual volume 
control. The a-f component is removed by the 
"ilter circuit that is composed of C2 and Rl. 
Dne or more of the r-f amplifiers may be con- 
:rolled by the voltage thus obtained. A custom- 
ary value for Rl is 2 megohms and for C2 is 
3.05/if. 



Figure 14-15,B, shows an a-v-c circuit 
used with a duodiode triode in a conventional 
diode detector circuit. The two plates of the 
diode are connected together to form a half- 
wave rectifier in the r-f portion of the circuit. 
The output of the diode detector is fed to the 
grid of the triode section which acts as a 
class-A voltage amplifier. 

Low voltage bias is obtained by utilizing 
contact potential developed across R3 resulting 
from the dissimilar elements in the grid and 
cathode. 

The variable-mu tube is designed to operate 
with a minimum bias of about -3 volts. The 
minimum bias is usually provided by a cathode 
resistor, and the a-v-c bias is applied in series 
with it. A disadvantage of ordinary automatic 
volume control is that even the weakest signals 
produce some a-v-c bias, which reduces the 
amplification slightly. 

Delayed Automatic Gain Control 

The disadvantage of automatic gain control, 
that of attenuating even the very weak signals, 
is overcome by the use of delayed automatic 
gain control, as shown in figure 14-16. In this 
circuit the a-v-c diode, plate 2, is separated 
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Figure 14-15. — Manual and a-v-c circuits. 
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Figure 14- 16.— Delayed a-v-c circuits. 

from the detector diode, plate I, and both are 
housed in the same envelope with a triode 
amplifier. 

In this example a bias of 5 volts on the 
delayed a-v-c diode, plate 2, prevents it from 
conducting until the signal exceeds 5 volts. 
The signal across the secondary of the i-f 
transformer is coupled to diode, plate 2, by 
capacitor CI. Until the signal exceeds 5 volts 
no charge is acquired by the a-v-c capacitor, 
C3; no additional bias is applied to the grids 
of the i-f amplifier, preselector, or converter 
tubes; and their gain is maximum on weak sig- 
nals. The 5-volt bias applied to the delayed 
a-v-c diode, plate 2, is developed across 
cathode resistor R4 by the current flowing 
through the triode section of the tube. The 
triode section serves as a class-A voltage 
amplifier driven by the audio voltage developed 
across diode load resistor R2. 

When the signal across the secondary of the 
i-f transformer exceeds the 5-volt bias value 
across R4, the a-v-c diode (plate 2) conducts 
on alternate half cylces and C3 acquires a 
charge. The voltage developed across C3 con- 
stitutes the delayed a-v-c voltage. It is supplied 
to the grids of the various stages ahead of the 
second detector in series with the cathode bias 
developed by the individual tubes. 

Noise Limiter 

Sudden bursts of noise in a receiver may 
be attenuated by the use of a series noise limiter. 
such as the one shown in figure 14-17. The 
diode detector circuit includes VI, Rl. R2, and 
C2. The cathode of V2 is connected through R3 
to the a-v-c line, which is negative with respect 



to ground. The plate of V2 is connected to the 
common connection, B, between the diode load 
resistors, Rl and R2. 

When a normal signal is detected, the plate 
of V2 is negative with respect to ground by an 
amount equal to the voltage drop across Rl. 
Normally the plate is less negative than the 
cathode, and V2 conducts, thus providing a con- 
tinuous circuit through V2, for the audio voltage 
tapped off at point D. 

If a sudden burst of noise comes through the 
receiver the voltage across Rl suddenly in- 
creases. A large negative potential with respect 
to ground is thus applied to the plate of V2, The 
cathode cannot follow this sudden change because 
of the long time constant of C4 + R4. The plate 
is now negative with respect to the cathode, and 
V2 ceases to conduct. Thus the output circuit 
to the audio amplifiers is opened and the re- 
ceiver becomes momentarily quiet. The point 
at which V2 begins limiting depends on the 
average strength of the received signal in rela- 
tion to the amplitude of the noise. On weak 
signals the a-v-c voltage and cathode bias are 
both small; thus a low-amplitude noise pulse 
swings the plate voltage negative with respect 
to the cathode bias, and V2 limits the audio 
output. Conversely, a strong signal is limited 
by a large amplitude noise pulse but is not 
limited by the same amplitude of noise pulse 
that cut off the weak signal. 
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Figure 14-17.— Simplified circuit of a diode 
detector and series noise limiter. 
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Beat- Frequency Oscillator 

The beat-frequency oscillator (bfo) is nec- 
essary when c-w signals are to be received 
because these signals are not modulated with 
an audio component. In superheterodyne re- 
ceivers the incoming c-w signal is converted 
to the intermediate frequency at the first 
detector as a single frequency signal with no 
side-band components. The i-f signal is hetero- 
dyned (with a separate tunable oscillator known 
as the beat-frequency oscillator) at the second 
detector to produce an a-f output. In the circuit 
shown in figure 14-18, the Hartley oscillator 
(bfo) is coupled to the plate of the second 
detector by capacitor C3. 

If the intermediate frequency is 455 kc and 
the bfo is tuned to 456 kc or 454 kc, the dif- 
ference frequency of 1 kc is heard in the out- 
put. Generally the switch and capacitor tuning 
control are located on the front panel of the 
receiver. 

The bfo should be shielded to prevent its 
own output from being radiated and combined 
with desired signals ahead of the second detec- 
tor. If a-v-c voltage is to be used it should 
be obtained from a separate diode isolated from 
the second detector. One way is to couple the 
output of an i-f amplifier stage ahead of the 
second detector to the a-v-c diode. Otherwise, 
the output of the bfo would be rectified by the 
second detector and would develop an a-v-c 
voltage even on no signal. 

Silencer 

A silencer is sometimes employed in the a-f 
section of a receiver to disable the receiver 
when no signals are being received. One type 
of silencer circuit is shown in figure 14-19. 
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Figure 14-18.— Beat- frequency oscillator. 



Figure 14-19.— Silencer circuit. 20.272 



The silencer, VI, a diode-connected triode, 
connects the output of the first a-f stage to the 
input of the second audio amplifier. Silencer 
amplifier V2 serves as the control tube for the 
silencer. The plate voltage of VI is supplied 
via R2 from the plate of V2 (which is in turn 
supplied from the B supply via Rll) and is 
positive with respect to ground. The cathode 
voltage of VI is also positive with respect to 
ground, since it is connected to the B supply 
through a voltage divider made up of R12 and 
R4. With no input signal, R9 is adjusted until 
V2 draws enough plate current to reduce its 
plate voltage and that of VI to a value below the 
voltage on the cathode of VI. Thus the silencer 
plate voltage is negative with respect to the 
cathode. Conduction ceases, and the silencer 
cuts off. The output is reduced to zero, and the 
receiver is mute. 

The grid of V2 is connected to the a-v-c 
line. When a signal enters the receiver, the 
negative a-v-c voltage is applied to the grid 
of V2, thereby reducing the plate current and 
increasing the plate voltage of both V2 and VI. 
When the plate of VI becomes positive with 
respect to its cathode, the tube conducts and 
the signal is passed to the second a-f amplifier. 

CIRCUIT OF A SUPERHETERODYNE 
RECEIVER 
The complete circuit of a superheterodyne re- 
ceiver is shown in figure 14-20. In this circuit 



33< 



BASIC ELECTRONICS 




Figure 14-20.— Circuit diagram of a superheterodyne receiver. 



one r-f amplifier (preselector) stage is used. 
Tube V2, a pentagrid converter, serves both as 
the mixer tube and oscillator tube. Three 
tuning capacitors (one each in the preselector, 
mixer, and oscillator stages) are ganged on a 
common shaft to assure proper tracking. Trim- 
mers are connected in parallel with each tuning 
capacitor to permit alinement. The oscillator 



tuning capacitor is smaller than the tuning 
capacitor in the preselector or the converter 
stages. The oscillator operates above the sta- 
tion frequency and tracks closely at three points 
on the dial— (1) low end, (2) middle, and (3) high 
end. The oscillator tuning capacitor split-rotor 
plates allow closer adjustment for tracking at 
the low end and at the middle of the band. Shunt 
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trimmer capacity adjustments on the oscillator 
tuning capacitor provide close tracking of the 
oscillator at the high end of the band. 

Tube V3 is the i-f amplifier with input and 
output i-f transformers tuned to the receiver 
intermediate frequency. 

Tiilbe V4 serves as the second detector and 
first kudio amplifier. Conventional automatic 
volume control is tapped off at the end of the 
volume control potentiometer farthest from 
ground. Plate and screen potentials are ob- 
tained from the B supply through the cor- 
responding voltage dropping resistors. The 
power supply is a conventional full- wave 
rectifier. 

F-M RECEIVERS 

The t-r-f and superheterodyne receivers that 
have been described in the preceding paragraphs 
of this chapter are designed to receive r-f 
signals that vary in amplitude according to the 
audio modulation at the transmitter. The am- 
plitude of the r-f signal is increased by one or 
more r-f amplifier stages, and the modulation 
component is removed by the detector. Each 
of the tuned circuits preceding the detector is 
designed to pass only a relatively narrow band 
of frequencies containing the necessary upper 
and lower sideband frequencies associated with 
the amplitude -modulated carrier. 

F-m receivers are supplied r-f signals that 
vary in frequency according to the information 
being transmitted. The amount of the variation 
or deviation from the CENTER, or RESTING, 
FREQUENCY at a given instant depends on the 
amplitude of the impressed audio signal. The 
frequency with which the variations from the 
center frequency occur depends on the frequency 
Df the impressed audio signal. The function of 
the f-m receiver is basically the same as that of 
the a-m superheterodyne receiver— that is, the 
amplitude of the incoming r-f signals is in- 
creased in the r-f stages; then the frequency is 
reduced in the mixer stage to the intermediate 
frequency and amplified in the i-f amplifier 
section. Finally, the amplitude is clipped in 
the limiter stage and the modulation component 
is removed by the second detector, or DISCRIM- 
INATOR as it is called in the f-m receiver. 

There are a few major differences between 
the f-m and the a-m receiver. The greatest 
difference is in the method of detection. Also 



the tuned circuits of the f-m receiver have 
wider bandpass and the last i-f stage is es- 
pecially adapted for limiting the amplitude of 
the incoming signal. However, in both systems 
the audio amplifiers and reproducers are 
similar. 

A comparison between a superheterodyne re- 
ceiver designed for a-m reception and one 
designed for f-m reception is shown in figure 
14-21. 



COMPONENTS 

The function of the f-m antenna is to provide 
maximum signal voltage to the receiver input. 
Unlike most broadcast a-m receiver antennas, 
f-m receiver antennas act as resonant lines 
having standing waves on them. Therefore f-m 
antennas are cut to the required length in order 
to receive a signal of sufficient amplitude to 
drive the first r-f amplifier. 

R-F Section 

If a single frequency is to be received, the 
antenna may be designed for maximum response 
at that frequency. If, however, a band of fre- 
quencies is to be received, the antenna length 
will represent a compromise. Usually the length 
is so chosen that it will be in resonance at the 
geometric center of the band. The GEOM ETRIC 
CENTER or MEAN is equal to ^4^" where 
Xj and X2 are the wavelengths at the two ends 
of the band. 

There are many types of f-m antennas, but 
probably the simplest is the half-wave dipole. 
The length of the half-wave dipole, in feet, is 

468 

where fj and f2 are the frequencies in mega- 
cycles at the two ends of the band. Because the 
resistance at the center of the half-wave dipole 
is about 72 ohms, the transmission line con- 
necting the antenna with the receiver should 
have a characteristic impedance of 72 ohms in 
order to operate as a nonresonant transmission 
line with no standing waves. The transmission 
line feeds the signal to the receiver via a 
matching transformer at the input to the pre- 
selector stage. 
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Figure 14-21.— Receiver block diagram. 



The r-f amplifier, or preselector, performs 
essentially the same function in the f-m re- 
ceiver as it does in the a-m receiver— that is, 
It increases the sensitivity of the receiver. 
Such an increase in sensitivity is often a prac- 
tical necessity in fringe areas. However, the 
gain of the i-f stages is relatively much greater, 
perhaps 10 times that of the preselector, since 
the chief advantage of the superheterodyne lies 
in the uniformity of response and gain of the 
i-f stages within the receiver band. The prin- 
cipal functions of the r-f stage are to discrim- 
inate against undesired signals (images) and to 
increase the amplitude of weak signals so that 
the signal-to-noise ratio will be improved. 

If the receiver is designed to receive both 
amplitude modulation and frequency modulation, 
a suitable band- switching arrangement is nec- 
essary. Many combination receivers are de- 
signed to receive more than one a-m band. 
Under such circumstances additional tuned cir- 
cuits are needed. Thus, if two a-m bands and 
one f-m band are used and one r-f stage is 
used ahead of the mixer, three tuned circuits 
are needed for each band to be covered. This 
circuit arrangement includes one for the r-f 
stage, one for the mixer stage, and one for the 
oscillator stage for each of the three bands, or 



a total of nine tuned circuits. The f-m tuned 
circuits have wider bandpass characteristics 
than do the a-m tuned circuits, as shown, in 
figure 14-21. 

Frequency Converter 

The frequency converter employed in the 
f-m receiver functions in much the same manner 
as the one employed in the a-m superhetero- 
dyne receiver. However, additional problems 
are involved. 

For example, at the frequencies employed 
in the commercial f-m band the stability of the 
local oscillator becomes a major problem. As 
mentioned before, there is a tendency for the 
local oscillator to become synchronized with the 
incoming signal and thus to lose the intermediate 
frequency output entirely. The tendency is more 
pronounced at f-m frequencies because the 
station and oscillator are relatively closer to- 
gether. Therefore, for maximum frequency 
stability, separate oscillator tubes are used. 
This results in increased space requirements 
and expense. Especially designed pentagrid 
converters that have reasonably good frequency 
stability, high conversion transconductance, and 
oscillator transconductance are employed in 
some less expensive commercial sets. 
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Even in a normal well-designed f-m receiver 
such factors as the change in internal capacitance 
of the oscillator tube (or oscillator section of 
a tube) and the expansion of coil windings and 
capacitor plates during warmup may cause the 
local oscillator frequency, and consequently the 
intermediate frequency, to drift an appreciable 
amount, A relatively small shift in oscillator 
frequency (always downward with respect to the 
center frequency in an uncompensated oscillator 
circuit) may shift the i-f signal beyond the 
range of the i-f stages with a consequent loss 
in output signal. 

Various methods are used to combat oscilla- 
tor drift. For example, the second harmonic of 
the local oscillator frequency is sometimes used 
for mixing. In this instance the local oscillator 
may be operated at a lower fundamental fre- 
quency, where the stability is improved. Another 
method is to use capacitors having a negative 
temperature coefficient. These are connected 
in shunt with capacitors having a positive 
temperature coefficient to counteract the change 
in capacitance when the temperature of the 
oscillator stage varies. Proper voltage regula- 
tion as well as the choice of oscillator tubes 
having low internal capacitances, will also in- 
crease the stability of the local oscillator. 

Frequency stability of the local oscillator, 
in the standard f-m band, makes it advantageous 
to operate the local oscillator at a frequency 
below that of the incoming signal. (See fig. 
14-21.) 

However, if the local oscillator is operated 
above the frequency of the incoming signal it 
is not so likely to interfere with television re- 
ceivers in the same vicinity that are operating 
on the lower video channels. Therefore, some 
commercial f-m -receivers have local oscilla- 
tors operating above the incoming signal. 

I-F Amplifier 

The i-f amplifier in an f-m receiver is 
usually tuned to a center frequency of from 
8 to 10 megacycles. It generally employs 
double-tuned transformers havingequal primary 
and secondary inductances. The bandpass is 
from 150 to 200 kc. The last one or two i-f 
stages function as a limiter. 

The gain of each wide-band i-f stage is 
considerably less than that of the narrow-band 
a-m type of i-f amplifier. Therefore, an f-m 



receiver employs more i-f stages than a cor- 
responding a-m receiver. The gain of an i-f 
amplifier employing a double-tuned transformer 
has been given in chapter 5 as 



V.G. = 



K2 



QpQs 



In the case of a wide-band i-f amplifier having 
a double-tuned transformer, critical coupling 

K and primary and secondary inductances 

and Q's that are equal, the gain becomes 

v.g. = M^Q. 

In this formula g m is the trans conductance of 
the tube, and^Lis the inductive reactance of 
the circuits at the intermediate frequency. 

A low value of intermediate frequency is 
undesirable because local oscillator drift might 
force the set to operate outside the i-f range. 
Also, it would be pointless to have the inter- 
mediate frequency lower than the total fre- 
quency deviation (bandwidth) of any one f-m 
station. 

In the choice of the optimum i-f value such 
factors as image response, response to signals 
at the same frequency as the intermediate fre- 
quency, response to beat signals produced by 
two stations separated in frequency by the i-f 
value, and response to harmonic frequencies 
must be considered. 

Two stations separated in frequency by the 
i-f value will, if sufficiently powerful, produce 
a beat frequency that will pass through the re- 
ceiver. This type of interference may be 
eliminated if the intermediate frequency chosen 
is greater than the entire f-m bandwidth. It 
may be minimized by adequate discrimination 
in the preselector stage. 

Harmonics of the local oscillator may com- 
bine with harmonics produced when a strong 
incoming signal overloads the input stage to 
produce the intermediate frequency. 

Interfering signals may develop as a result 
of the interaction of these harmonic frequencies. 
For example, consider an f-m receiver having 
an intermediate frequency of 9.1 mc, and tuned 
to an 86-mc station. The oscillator frequency 
is 86 f 9.1, or 95.1 mc. It is possible that a 
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strong 90.5-mc signal picked up at the f-m re- 
ceiver input would develop at that point its 
second harmonic of 181.0 mc. The oscillator 
second harmonic frequency is 95.1 x 2, or 190.2 
mc. The difference frequency is 190.2 - 181.0, 
or 9.20 mc. This difference frequency would 
appear in the output of the mixer stage and be 
accepted by the i-f amplifiers tuned to 9.1 mc. 
Thus the receiver output would contain the 86- 
mc station and simultaneously the 90.5-mc 
interfering signal. 

Harmonics produced at the input may be 
reduced by increasing the selectivity of the 
tuned circuits and using variable-mu tubes that 
do no overload easily. The production of har- 
monics by the local oscillator may be reduced 
by maintaining a satisfactorily high circuit Q 
and by reducing its loading. 

The uniform gain within the band pass of an 
a-m i-f amplifier, and the selectivity of i-f 
amplifiers, are treated in chapter 6. In com- 
mercial f-m i-f amplifiers the bandpass is 
considerably greater than it is in a-m i-f 
amplifiers because of the greater frequency 
swing used in frequency modulation. An ideal 
frequency response curve is difficult to obtain 
economically. Therefore, a practical compro- 
mise that gives the necessary uniform gain and 
discrimination against adjacent channel fre- 
quencies is chosen. 

The i-f stage may be designed for f-m only 
or for both a-m and f-m. An i-f transformer 
designed for both a-m and f-m is shown in 
figure 14-22. In order to have the desired 
high L/C ratio for increased gain and increased 
bandwidth permeability tuning is employed. 
Circuits CI LI and L2C2 are tuned to the higher 
f-m intermediate frequency, about 10 mc, and 
have greater bandpass, about 200 kc. Circuits 
C3L3 and L4C4 are tuned to the lower a-m 
intermediate frequency, perhaps 455 kc, and 
the bandpass is lower, about 7 kc. 

When the receiver is adjusted for f-m re- 
ception, only the f-m section of the i-f trans- 
former is effective in coupling signal voltage 
to the next tube. Capacitor C3, having a low 
reactance to the higher f-m signals, shunts 
the a-m section of the transformer. Likewise, 
when the receiver is adjusted for a-m reception, 
only the a-m section of the i-f transformer is 
effective in coupling signal voltage to the next 
tube. In this case LI becomes an effective 
short circuit for the lower frequency a-m 
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Figure 14-22. — I-f transformers for a-m 
and f-m. 

signals. Usually the last i-f stage is modified 
to operate as a limiter. 

Limiter 

The limiter in an f-m receiver removes 
amplitude modulation and passes on to the 
discriminator an f-m signal of constant 
amplitude. 

As the f-m signal leaves the transmitting 
antenna it is varying in frequency according to 
an audio -modulating signal, but it has essentially 
a constant amplitude. As the signal travels 
between the transmitting and receiving antenna, 
however, natural and man-made noises, or static 
disturbances, are combined with it to produce 
variations in the amplitude of the modulated 
signal. Other variations are caused by fading 
of the signal. Fading might be caused, for 
example, by movement of the ship carrying the 
transmitter or the receiver. Still other ampli- 
tude variations are introduced within the re- 
ceiver itself because of a lack of uniform 
response of the tuned circuits. 

All of these undesirable variations in the 
amplitude of the f-m signal are amplified as the 
signal passes through the successive stages of 
the receiver up to the input of the limiter. This 
condition in which both frequency modulation 
(desired) and amplitude modulation (undesired) 
are present at the same time is shown in figure 
14-23, A, 

The character of the signal after leaving 
the limiter should be as indicated in figure 
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14-23, B, in which all amplitude variations 
have been removed, leaving a signal that varies 
only in frequency. 




I 

WITH LIMITING 



Figure 14-23. — F-m signals. 

A grid-leak bias limiter is shown in figure 
14-24. The tube is a sharp- cutoff pentode 
operated with grid-leak bias. Because the plate 
and screen voltages are purposely made low, 
plate- current saturation as well as plate-current 
cutoff, is produced readily by input signals having 
a magnitude of only a few volts. 




20.276 

Figure 14-24.— Grid-leak bias limiter. 



The manner in which the limiter functions 
is illustrated by the ip-eg curve shown in 
figure 14-25. Grid-leak bias is used so that 
with varying signal amplitudes, the bias can 
adjust itself automatically to a value that allows 
just the positive peaks of the signal to drive 
the grid positive and cause grid current to 
flow. 

Suppose that a signal having a peak ampli- 
tude greater than the cutoff bias is impressed 
on the grid of the tube. A bias voltage having 
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Figure 14-25. — Limiter i -e curve. 

P g 

a magnitude approximately equal to the peak 
value of the signal will be developed. Ac- 
cordingly, grid current will flow for a very 
small part of the positive half cycle at the 
peak of signal swing, as shown by the shaded 
area. Plate current flows for almost the entire 
positive half cycle. When the signal amplitude 
increases, a greater bias is developed, but the 
grid cutoff voltage remains the same and the 
average plate current changes very little. Thus, 
the amount of plate-current flow in the limiter 
stage is approximately constant for all signals 
having an amplitude great enough to develop a 
grid-leak bias voltage that is greater than the 
cutoff voltage. The frequency variations in the 
f-m signal are maintained in the output because 
the plate-current pulses are produced at the 
signal frequency and excite the plate-tuned tank 
circuit which has a relatively low Q and a wide 
bandpass. Thus, because of the "flywheel" 
effect, a complete a-c waveform is passed to 
the secondary of the discriminator transformer 
for each cycle of input signal. 

When the peak amplitude of the grid signal 
is less than the cutoff voltage, the limiting action 
fails because the stage is practically a class-A 
amplifier for such signals, and the average plate 
current varies as the grid-leak bias changes 
with varying signal amplitudes. For this reason, 
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the stages preceding the limiter must have suf- 
ficient gain to provide satisfactory limiting 
action on the weakest signal to be received. 

Discriminator 

Another major difference between the a-m 
receiver and the f-m receiver is in the method 
used to detect the signal. The DETECTOR in 
an a-m receiver interprets the AMPLITUDE 
VARIATIONS of the amplitude -modulated r-f 
energy in terms of the audio signal. In the f-m 
receiver, the discriminator interprets the FRE- 
QUENCY VARIATIONS of the frequency- 
modulated r-f energy in terms of the audio 
signal. 

Several types of f-m detectors have been 
developed and are in use, but perhaps two of 
the most common types are the discriminator 
and the ratio detector. The operation of these 
detectors is treated in chapter 10. 

The discriminator requires a limiter, which 
in turn requires considerable amplification 
ahead of its input. 

An f-m detector that would be insensitive 
to amplitude variations would eliminate the 
need for a limiter, and in addition one or more 
i-f amplifier stages might be eliminated. Such 
an improved discriminator circuit that meets 
these requirements to a larger degree than the 
discriminator, is the RATIO DETECTOR. 

CIRCUIT OF AN FM TUNER 

A schematic diagram of an f-m tuner is 
shown in figure 14-26, Tubes VI and V3 are 
remote-cutoff tubes using cathode bias without 
automatic volume control. Automatic volume 
control is not so important in f-m as it is in 
a-m, since in f-m, particularly if the second 
detector is a discriminator, the i-f stages are 
operated at maximum gain. The ratio detector 
shown in the figure provides a convenient source 
of a-v-c voltage, which is supplied to the grids 
of V4 and V5. The tuning range of the input tank, 
and also that of the tuned circuit in the mixer 
input, is 88 to 108 megacycles. 

If the intermediate-frequency stages are 
tuned to 10 mc, and the local oscillator, V2, is 
operated above the station frequency, then the 
local oscillator is tunable from 88 + 10, or 98 



mc, to 108 + 10, or 118 mc. Oscillator tube 
V2 is especially designed for high-frequency 
operation. Tube V3 is a pentagrid mixer used 
for mixing the incoming signal with the locally 
generated signal. 

The i-f amplifiers are remote-cutoff pen- 
todes. As mentioned previously, the i-f trans- 
formers must have the desired wide bandpass 
characteristic (200 kc). 

Tube V6, a twin diode, is operated as a 
ratio detector. The audio output from this 
detector is fed to a conventional audio ampli- 
fier, not shown in the circuit diagram. 

The B supply is obtained from a full-wave 
rectifier, V7, as shown in figure 14-26. 

AUTOMATIC FREQUENCY CONTROL 

Automatic frequency control (afc) is some- 
times used with f-m receivers to hold the re- 
ceiver automatically on the station frequency 
because the local oscillator has a tendency to 
drift. 

The system keeps the local oscillator fre- 
quency separated from the station frequency 
by exactly the value of the intermediate fre- 
quency at all times. 

The representative afc system includes a 
discriminator or ratio detector and a reactance 
tube modulator (described in chapter 10 of this 
training course). The output of the discrimina- 
tor contains a d-c component whose polarity is 
dependent upon the direction of the deviation of 
the i-f from the mean or center value (that is. 
above or below the i-f center value). The mag- 
nitude of the d-c component depends upon the 
amount of deviation of the i-f from the center 
or mean value. A filter separates the d-c 
from any a-c components. 

The filtered d-c component is applied to 
the grid of the reactance tube in shunt with the 
local oscillator so as to change the frequency 
of the local oscillator to the proper value to 
produce the correct i-f. When the i-f output 
is correct the d-c component in the discrimina- 
tor output becomes zero. In the f-m tuner 
(fig. 14-26) reactance tube V controls the 
oscillator, V2, freque'ncy when a d-c compo- 
nent appears between terminals a and b of 
the ratio detector, V6. 
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CHAPTER 15 

INTRODUCTION TO RADAR 



ELEMENTS OF RADAR 

The word RADAR is formed as an abbrevia- 
tion for RAdio Detection And Ranging. RADAR 
is an electronic device that may be used to 
detect the presence of objects such as airplanes 
or ships even in darkness, fog, or storm. In 
addition to indicating their presence, radar 
may be used to determine their bearing and 
distance. In special types, elevation and speed 
may also be indicated. It is one of the greatest 
scientific developments that has emerged from 
World War II. Its development, like that of 
most great inventions, was mothered by nec- 
essity—that of detecting the enemy before he 
detected us. The basic principles on which its 
functioning depends are relatively simple, and 
the seemingly complicated series of electrical 
events encountered in radar can be resolved 
into logical series of functions, which, taken 
individually, may be identified and understood. 

PRINCIPLES OF OPERATION 

The principle upon which radar operates is 
very similar to the principles of sound echoes 
or wave reflection. 

Sound Wave Reflection 

If a person shouts in the direction of a 
cliff, or some other sound- reflecting surface, 
he hears his shout "return'' from the direction 
of the cliff. What actually takes place is that 
the sound waves, generated by the shout, travel 
through the air until they strike the cliff. There 
they are reflected or "bounced off,'' and some 
are returned to the originating spot, where the 
person is then able to hear the echo. Some time 
elapses between the instant the sound originates 
and the time when the echo is heard because 
sound waves travel through air at approximately 
1100 feet per second. The farther the person is 
from the cliff, the longer this time interval will 



be. If a person is 2200 feet from the cliff when 
he shouts, about 4 seconds elapses before he 
hears the echo— that is, 2 seconds for the sound 
waves to reach the cliff and 2 seconds for them 
to return. 

If a directional device is built to transmit 
and receive sound, the principles of echo together 
with a knowledge of the velocity of sound can be 
used to determine the direction, distance, and 
height of the cliff shown in figure 15-1. A sound 
transmitter, which can generate pulses of sound 
energy, can be so placed at the focus of the 
reflector that it radiates a beam of sound. The 
sound receiver can be a highly directional 
microphone located inside a reflector (at its 
focal point, and facing the reflector) to increase 
the directional effect. The microphone is con- 
nected through an amplifier to a loudspeaker. 

Then, to determine the distance and direc- 
tion of the cliff the transmitting and receiving 
apparatus are placed so that the line of travel 
of the transmitted sound beam and the received 
echo will very nearly coincide. They would co- 
incide exactly if the same reflector could be 
used for both transmitting and receiving, as is 
done in radar systems. The apparatus (both the 
transmitter and receiver) is rotated until the 
maximum volume of echo is obtained. The 
horizontal distance to the cliff can then be 
computed by multiplying one-half of the elapsed 
time in seconds, by the velocity of sound. This 
will be essentially the distance along the line 
RA (fig. 15-1, A). If the receiver has a circular 
scale that is marked off in degrees, and if it 
has been properly orientated with a compass, 
the direction or azimuth of the cliff can be 
found. Thus, if the angle indicated on the scale 
is 45° , the cliff is northeast from the receiver 
position. 

To determine height (fig. 15-1, B), the trans- 
mitter and receiver antennas are tilted from the 
horizontal position (shown by dotted lines) while 
still pointing in the same direction. At first the 
echo is still heard, but the elapsed time is 
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Figure 15-1.— Determination of direction and height. 



increased slightly. As the angle of elevation 
is increased, an angle is found where the echo 
disappears. This is the angle at which the 
sound is passing over the top of the cliff and 
is therefore not reflected back to the receiver. 
The angle at which the echo just disappears is 
such that the apparatus is pointing along line 
RB. If the receiver is equipped with a scale 
that permits a determination of the angle of 
elevation, the height of the cliff, AB, can be 
calculated from this angle and either the dis- 
tance RA or RB, by the use of one of the basic 
trigonometric ratios. 

Radio-Wave Reflection 

All radar sets work on a principle very 
much like that described for sound waves. In 



radar sets, however, a radio wave of extremely 
high frequency is used instead of a sound wave. 
The energy sent out by a radar station (fig. 
15-2) is similar to that sent out by an ordinary 
radio transmitter. 

The radar station has one outstanding charac- 
teristic different from a radio in that it picks up 
its own signals. It transmits a short pulse and 
receives its echoes, then transmits another 
pulse and receives those echoes. This out- and- 
back cycle is repeated 60 to 4000 times per 
second, depending on the design of the set. If 
the outgoing wave is sent into clear space, no 
energy is reflected back to the receiver. The 
wave and the energy that it carries simply 
travel out into space and are lost for all prac- 
tical purposes. 
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If, however, the wave strikes an object such 
as an airplane (fig. 15-2), a ship, a building, or 
a hill, some of the energy is sent back as a 
reflected wave. If the object is large compared 
to a quarter-wavelength of the transmitted 
energy, a strong echo (but only a fraction of 
the transmitted energy) is returned to the an- 
tenna. If the object is small, the reflected 
energy is small and the echo is weak. 

Radio waves travel at the speed of light, 
approximately 186,000 land miles per second 
or 162,000 nautical miles per second. A phys- 
ical concept of this speed may be gained by 
considering the circumference of the earth as 
approximately 21,770 nautical miles. A radio 
wave could encircle the earth in approximately 
134,400 fis (microseconds), or in slightly less 
than one-seventh of asecond. Review the article 
in chapter 13 on "multiple refraction* ' to see 
how a radio wave is guided around the earth 
one or more times. Fifteen trips around the 
earth would be accomplished in slightly more 
than 2 seconds. This amounts to 2.000.000 us. 
Consider that the moon is about 206,000 nautical 
miles (240,000 land miles) from the surface of 



the earth. Radar signals have been directed 
toward the moon and their echoes were returned. 
The elapsed time was approximately 2 1/2 
seconds. 

Most of the radio waves of the u-h-f and 
s-h-f bands are only slightly affected by the 
earth's atmosphere and travel in straight lines. 
Accordingly, there will be an extremely short 
time interval between the sending of the pulse 
and the reception of its echo. It is possible, 
however, to measure the interval of elapsed 
time between the transmitted and received pulse 
with great accuracy— even to one ten- millionth 
of a second (1 x 10- 7 seconds). The forming, 
timing, and presentation of these pulses are 
accomplished by a number of special circuits 
and devices. 

The directional antennas employed by radar 
equipment transmit and receive the energy in a 
fairly sharply defined beam. Therefore, whena 
signal is picked up, the antenna can be rotated 
until the received signal is maximum. The 
direction of the target is then determined 
by the position of the antenna. 
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The echoes received by the radar receiver 
appear as marks of light on an oscilloscope 
(called "scope" for short). This scope may be 
marked with a scale of miles (or yards), or 
degrees, or both. Hence, from the position of 
a signal echo on the scope, an observer can tell 
the range and bearing of the corresponding 
target. 

RADAR DETECTING METHODS 
Continuous- Wave Method 

The continuous- wave (c-w) method of detect- 
ing a target makes use of the Doppler effect. 
The frequency of a radar echo is changed when 
the object which reflects the echo is moving to- 
ward or away from the radar transmitter. This 
change in frequency is known as the DOPPLER 
EFFECT. A similar effect at audible fre- 
quencies is recognized readily when the sound 
from the whistle of an approaching train appears 
(to the ear) to increase in pitch. The opposite 
effect (a decrease in pitch) occurs when the train 
is moving away from the listener. The radar 
application of this effect permits a measurement 
of the difference in frequency between the trans- 
mitted and reflected energy and thus a deter- 
mination of both the presence and speed of the 
moving target. This method works well with 
fast-moving targets, but not well with those that 
are slow or stationary. C-w systems are 
therefore limited in present usage. 

Frequency- Modulation Method 

In the frequency- modulation (f-m) method 
the transmitted energy is varied continuously 
and periodically over a specified band of fre- 
quencies. The instantaneous frequency of the 
energy being radiated by the antenna therefore 
differs from the instantaneous frequency being 
received by the antenna. 

The frequency difference depends on the dis- 
tance traveled and can be used as a measure of 
range. Moving targets produce a frequency shift 
in the returned signal because of the Doppler 
effect, however, and this affects the accuracy 
of range measurements. This method, there- 
fore, works better with stationary or slow- 
moving targets than with fast-moving ones. 



Pulse- Modulation Method 

In the pulse modulation method the r-f energy 
is transmitted in short pulses in which the time 
duration may vary from 0.1 to 50 *xs. If the 
transmitter is turned off before the reflected 
energy returns from the target the receiver can 
distinguish between the transmitted pulse and the 
reflected pulse. After all reflections have re- 
turned, the transmitter can be turned on again 
and the process repeated. The receiver output 
is applied to an indicator that measures the time 
interval between the transmission of the energy 
and its return as a reflection. Because the 
energy travels at a constant velocity, one-half 
the time interval between the outgoing pulse and 
its echo becomes a measure of the distance 
traveled by the pulse to the target, or the range. 
Because this method does not depend on the 
relative frequencies of the emitted and returned 
signals or on the motion of the target, difficul- 
ties experienced in the c-w and f-m methods 
are not present. The pulse- modulation method 
is used almost completely in military applica- 
tions. Therefore, it will be the only method 
discussed in this text. 



HISTORICAL DEVELOPMENT 

One of the first observations of "radio 
echoes" was made in the United States in 1922 
by Dr. A.H. Taylor at the Naval Research 
Laboratory. Dr. Taylor observed that a ship 
passing between a radio transmitter and re- 
ceiver reflected some of the waves back toward 
the transmitter. Between 1922 and 1930 further 
tests proved the military value of this principle 
for the detection of objects that would normally 
be hidden by smoke, fog, or darkness. During 
this same period Dr. Breit and Dr. Tuve of the 
Carnegie Institute published reports on the re- 
flection of pulse transmissions from electrified 
layers in the upper atmosphere. This led to 
the application of the principle to the detection 
of aircraft. Other countries carried on further 
experiments independently and with utmost se- 
crecy. By 1936, the United States Army was 
engaged in the development of a radar warning 
system for coastal frontiers. By the end of 
1940 the British had developed radar to such a 
point that they were able to bring down great 
numbers of enemy airplanes with guns being 
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accurately controlled by radar systems. Be- 
ginning in 1941, British- American cooperation 
in the development of radar gave the Allies the 
best radar equipment in the world. 

Along with the development of radar came 
the development of effective countermeasures. 
Since 1941 great advance* have been made in 
radar and in countermeaaures in the various 
research and development centers throughout 
the country. 

USES OF RADAR 

Naval scientists pioneered in finding prac- 
tical uses for radar. Those uses were made 
chiefly for detecting and destroying an enemy and 
his armaments; this is still the most important 
naval use today. Civilian uses followed those 
made for military purposes. For example, some 
familiar civilian uses are(l) radar speed deter- 
mination on highways for controlling traffic, 
(2) radar weather prediction, (3) commercial 
radar air navigation, and (4) safeguarding air 
vehicles and merchant ships from collision 
hazards. 

Since no single radar appliance can yield 
all of the information required of naval ship- 
board systems, several classes, or types, 
have been designed. Each of these types, or 
categories, has its limitations and capabilities 
within the purpose for which built. Naval 
shipboard radar equipments are grouped in 
three general categories: search, fire-control, 
and special. 

Search radars are of two categories: air 
search and surface search. These equipments 
are used for early warning networks and for 
general navigational purposes. Search radars 
produce detection at maximum ranges while 
sacrificing some degree of accuracy and reso- 
lution (detail). 

Fire-control radars, integral parts of certain 
gunfire control systems, are used after targets 
have been located by search radars. 

Special radars are used for specific pur- 
poses, which include recognition, or identifica- 
tion of friend or foe (IFF), ground- controlled 
and carrier- controlled approach (GCAandCCA, 
respectively), range rate or speed, and height 
finding. 



Types of Presentation 

To furnish usable information, a radar set 
must produce some type of visual presentation 
of the target echo so as to suggest a mental 
image of the target to the observer. Cathode- 
ray tubes are used for this purpose. The 
scope images contain data of measurable quan- 
tities, including range, time, height, speed, and 
azimuth. Several types of data presentation 
have been developed to give the required infor- 
mation. 

A radar beam systematically reveals what 
it SCANS (scrutinizes or examines in great 
detail). The results of each scan are revealed 
(presented) as a picture or presentation on 
the scope. About 15 types of scans have been 
designed, but naval requirements can be met by 
use of only a few of them as can be seen in 
figure 15-3. Each type of scan is identified 
by a letter of the alphabet. 

TYPE-A SCAN. — Type-A presentation is 
used to determine range. The screen of this 
scope has a short presistence. The echo causes 
a vertical displacement of the spot, the ampli- 
tude of which depends on the strength of the 
returned signal pulse. The point on the hori- 
zontal base line at which the vertical displace- 
ment occurs indicates the range. Type-A pre- 
sentation is shown in figure 15-3,A. 

TYPE-B SCAN. -The type-B presentation 
(fig. 15-3, B) indicates both range and azimuth 
angle (bearing). The vertical displacement of 
the echo signal indicates range, and the hori- 
zontal displacement of the echo signal indicates 
azimuth angle. This scope has long persistence. 

TYPE-PPI SCAN. — The PPI (Plan Position 
Indicator) presentation is another type of scan 
for presenting range and bearing (azimuth) 
information. See figure 15-3, C. You can think 
of the PPI scan as a modified type-B scan, in 
which rectangular coordinates are replaced by 
polar coordinates. 

The antenna is rotated uniformly about the 
vertical axis so that searching is accomplished 
in a horizontal plane. The radar beam is usually 
narrow in azimuth andbroad in elevation. Large 
numbers of pulses are transmitted for each ro- 
tation of the antenna ; As each pulse is trans- 
mitted, the spot starts from the center of the 
indicator and moves toward the edge along a 
radial line. Upon reaching the edge of the scope. 
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Figure 15-3.— Types of scans. 

the spot quickly jumps back to the center and 
begins another trace as soon as the next pulse 
is transmitted. As the antenna rotates, the 
path of the spot also rotates around the center 
of the scope so that the angle of the radial line 
on which the spot appears indicates the azimuth 
of the antenna beam, and distance (out from the 
center of the scope) indicates the range. 

When an echo is received, the intensity of the 
spot is increased considerably, and a brighter 
spot remains at that point on the screen, even 
after the scanning spot has passed it. Thus, it 
is possible with this scan to produce a map of 
the territory surrounding the observing station 
on the scope. This type of scan is useful when 
the radar set is used as an aid to navigation. 

In type- A presentation the echo signal causes 
vertical deflection of the electron beam— in 
other words, it is a DEFLECTION MODULATED. 
In type-B and type- PPI presentation the echo 
signal makes the electron beam brighter. This 
action is called INTENSITY MODULATION. 

TYPE-E SCAN (RHI).-The RHI (Range 
Height Indicator) presentation is another type of 
scan for presenting range and height information. 
The RHI scan is also known as the type-E scan 
shown in figure 15-3, D. The type-E scan is a 



modification of the type-B scan on which an 
echo appears as a bright spot with the range 
indicated by the horizontal coordinate and the 
elevation (height) as the vertical coordinate. 
This type is used (1) in directing planes in blind 
landing, (2) for ground- controlled approach, (3) 
for carrier-controlled approach, and (4) in de- 
termining altitude. This scan is also used in the 
Mk 56 gunfire control system (GFCS), which em- 
ploys the Mk 35 radar. There the presentation 
is specified as the AE (delta E) scan, which means 
that the elevation changes are presented. 

Range Determination 

The successful employment of pulse- 
modulated radar systems depends primarily on 
the ability to measure distance in terms of time 
and a knowledge of the velocity of light. Radio- 
frequency energy, once it has been radiated into 
space, continues to travel with a constant 
velocity. When it strikes a reflecting object 
there is no loss in time, but merely a redirecting 
of the energy. Its velocity is that of light, or, 
in terms of distance traveled per unit of time, 
186,000 land miles per second, 162,000 nautical 
miles per second, or 328 yards per microsecond. 
This means that it takes approximately 6.18 
microseconds for radio energy to travel 1 
nautical mile, or approximately 6080 feet (2027 
yards). All radar ranging is based on a flat 
figure of 6080 feet per mile and, because the 
speed of light (and radio waves) is so great, 
microseconds {fis) are used for all time deter- 
minations. 

This constant velocity of radio- frequency 
energy is applied in radar to determine range 
by measuring the time required for a pulse to 
travel to a target and return. The time lapse 
between the transmitted pulse and the echo re- 
turn may be readily determined with the aid 
of the oscilloscope. For the purpose of il- 
lustrating how this may be done, assume that 
a target ship is 20 nautical miles away from the 
radar transmitter- receiver combination. Be- 
cause radio energy travels 1 nautical mile in 
6.18 microseconds, 123.6 microseconds will be 
required for the transmitted pulse to reach the 
target, or a total of 247.2 microseconds before 
the echo will return to the radar receiver. 

The horizontal sweep frequency of the scope 
is adjusted so that it makes one complete sweep 



« 
• 



BASIC ELECTRONICS 



(from left to right) during the time the trans- 
mitted pulse is going to the target (maximum 
range) AND THE ECHO IS RETURNING TO THE 
RECEIVER. In other words, the time of one 
sweep is 247.2 microseconds, and the frequency 
is therefore approximately 4045 cps. Assume 
that a translucent scale with uniform divisions in 
miles from 0 to 20 is placed over the face of the 
scope; and assume further that the extent of the 
sweep extends from the 0 mark to the 20- mile 
mark. In this case the maximum range is 20 
miles. 

Figure 15-4 shows how the range to the 
target is determined. In part(T)the transmitted 
pulse is just leaving the antenna. A part of 
the generated energy is fed to the vertical 
deflection plates at the instant the pulse is 
transmitted and causes a vertical line (pip) 
to appear at the zero- mile mark on the scope. 

In part®, 61.8 microseconds later, the 
transmitted pulse has traveled 10 miles toward 
the target. The horizontal trace on the scope, 
however, has reached only the 5- mile mark- 
that is, one-half the distance the transmitted 
pulse has traveled (the sweep frequency is timed 
to indicate one-half the distance). 

In part®, 123.6 microseconds after the in- 
itial pulse left the transmitter, the transmitted 
pulse has reached the target, 20 miles away and 
the echo has started back. The scope reading 
is 10 miles. 

In part®, 185.4 microseconds after the initial 
pulse, the echo has returned half the distance 
from the target, and the scope reading is 15 
miles. 

In part(5), 247.2 microseconds after the in- 
itial pulse, the echo has returned to the receiving 
antenna. This relatively small amount of energy 
is amplified and applied to the vertical deflec- 
tion plates, and an echo pip of smaller amplitude 
than the initial pip is displayed on the scope at 
the 20- mile mark. 

If two or more targets are in the path of the 
transmitted pulse each will return a portion of 
the incident energy as echoes. The targets 
farthest away (assuming they are similar in size 
and type of material) will return the weakest 
echo. 

In conjunction with the scope there is a hand- 
crank and mechanical counter assembly that 
enables the operator to determine the range to a 
greater degree of accuracy. When a target is 
indicated on the base line the operator turns 
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Figure 15-4. — Radar range determination. 



the handcrank to move the range indicator, or 
gate (fig. 15-5), to the target and then reads the 
range, in yards, directly from the counter as- 
sembly. This process is known as "gating the 
target. M 

Bearing Determination 

The bearing (true or relative) of the target 
may be determined if the direction in which the 
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Figure 15-5.— Target gating. 

directional antenna is pointing when the target 
is picked up is known. Control and indicator 
systems have been devised that make this pos- 
sible. 

The measurement of the bearing of a target 
as "seen" by the radar is usually given as an 
angular position. The angle may be measured 
either from true north (true bearing), or with 
respect to the heading of a vessel or aircraft 
containing the radar set (relative bearing). 
The angle at which the echo signal returns is 
measured by utilizing the directional charac- 
teristics of the radar antenna system. Radar 
antennas are constructed of radiating elements, 
reflectors, and directors to produce a single 
narrow beam of energy in one direction. The 
pattern produced in this manner permits the 
beaming of maximum energy in a desired di- 
rection. The transmitting pattern of an antenna 
system is also its receiving pattern. An antenna 
can therefore be used to transmit energy, to re- 
ceive reflected energy, or to do both. 

The simplest form of antenna for measuring 
azimuth or bearing is one that produces a 
single -lobe pattern. The system is mounted 
so that it can be rotated. Energy is directed 
across the region to be searched, by moving 
the beam back and forth in azimuth until a 
return signal is picked up. The position of the 
antenna is then adjusted to give maximum return 
signal. 

Figure 15-6 shows the receiving pattern for 
a typical radar antenna. In this figure, relative 
signal strength is plotted against the angular 



position of the antenna with respect to the 
target. A maximum signal is received only 
when the axis of the lobe passes through the 
target. The sensitivity of this system depends 
on the angular width of the lobe pattern. The 
operator adjusts the position of the antenna 
system for maximum received signal. If the sig- 
nal strength changes appreciably when the an- 
tenna is rotated through a small angle, the ac- 
curacy with which the on-target position can be 
selected is great. Thus, in figure 15-6, the rela- 
tive signal strengths A and B have very little 
difference. If the energy is concentrated in 
a narrower beam, the difference is greater and 
the accuracy better. 
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Figure 15-6. — Radar determination of azimuth 
or bearing. 



BASIC ELECTRONICS 



Altitude Determination 

The remaining dimension necessary to locate 
completely an object in space can be expressed 
either as an angle of elevation or as an altitude. 
If one is known, the other can be calculated 
from one of the basic trigonometric ratios. A 
method of determining the angle of elevation or 
the altitude is shown in figure 15-7. The slant 
range (fig. 15-7, A) is obtained from the radar 
scope indication as the range to the target. The 
angle of elevation is that of the radar antenna 
(fig. 15-7,B). The altitude is equal to the 
slant range multiplied by the sine of the angle 
of elevation. 
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Figure 15- 7. —Radar determination of altitude. 



In radar equipments with antennas that may 
be elevated, altitude determination by slant 
range is automatically computed electronically. 
In equipments (air search) where the antennas do 
not elevate, the altitude may be calculated 
by means of "fade charts." A method for 
producing the chart and its application are 
described in the Navy training course lor Radar- 
man 3&2, NavPers 10146. 



PLAN POSITION INDICATOR. -The range 
scope has certain limitations when it is desired 
to know what is happening instantaneously in all 
directions because it indicates only the targets 
in the direction in which the antenna is in- 
stantaneously pointing. 

A master PPI allows the radar operator to 
see the screen images of all objects surrounding 
his craft (within the range limitations of the 
equipments) because it displays a graphic plot 
of 360° of antenna rotation and has a screen of 
the necessary persistence to retain the targets 
visible after the antenna has rotated past the 
target bearing. 

The range scope presents the target infor- 
mation on a horizontal base line as shown in 
figure 15-3, A. The PPI has a radial base line 
originating at the center of the screen (fig. 
15- 3, C) which indicates the physical antenna lo- 
cation, and this line follows the antenna rotation. 

A view of the PPI scope is shown in figure 
15-8. The bright spotsonthe screen are images 
of objects (ships, planes, land masses, etc.) 
in the vicinity of the craft carrying the PPI 
equipment. Around the outer edge of the scope 
are relative and true bearing circles. Spaced 
evenly across the face of the tube are range 
circles, calibrated in miles. Thus, from the 
position of the images, their approximate range 
and bearing may be determined from the scope. 
A particular object of interest may be singled 
out for more accurate ranging by referring 
to the range scope. 
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Figure 15-8.— PPI presentaton. 
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Another principal difference betwen the two 
systems (range and PPI) is the method of apply- 
ing the signal to the scope. In the RANGE scope 
the echo signal is amplified and applied to the 
vertical deflection plates in such a way as to 
produce a pip on the horizontal time-base line, 
on the screen. In the PPI SCOPE, the echo sig- 
nal is amplified and applied to the control grid 
of the scope in such a way that the trace is 
brightened momentarily on the radial time-base 
line. If the intensity of the trace is kept suf- 
ficiently low, the scope will be essentially dark 
until an echo is received, and then the contrast 
will be very pronounced. 

The PPI uses electromagnetic deflection 
instead of electrostatic deflection. Current 
flowing from the sweep generator through a 
single pair of electromagnets mounted across the 
neck of the tube at right angles to the axis of 
the tube causes the electron beam to be swept 
from the center of the tube to one edge and back 
again to the center. 

In some types of PPIs the deflection electro- 
magnets are mounted so that they can be 
rotated around the neck of the tube. The ro- 
tating assembly is synchronized with the antenna 
rotation so that when the antenna turns, the sweep 
trace is rotated about the screen at the same 
rate. 

Thus, for example, in figure 15-8 when the 
antenna is pointing in the NE direction the 
deflection magnets will force the beam across 
the screen from the center to the outer edge 
in the NE direction. The beam will be deflected 
across the screen many times during the course 
of a small angular rotation of the magnets. In 
this area on the screen the echoes from the three 
targets will cause three areas of intensification 
on the screen. 

SEARCH RADAR.— Search radars used for 
early warning nets do not require great precision 
in ranging or bearing, but do require the ability 
to locate targets at fairly long ranges. There- 
fore, they are normally designed with high power, 
wide beam angle, and fairly long pulse widths. 
Their target resolution (ability to accurately 
determine bearing and range) is not as good as 
that of radars used for another purpose such 
as fire control. 

Each type of radar equipment has been de- 
signed for definite purposes. An air search 
radar performs inadequately for surface search 



and vice versa. Each of these types may be used 
in an emergency as fire control radar, but can- 
not be expected to furnish bearings, ranges and 
position angles with the same degree of accuracy 
as radar designed for that purpose. 

AIR SEARCH RADAR. -Primary function of 
an air search radar is the detection and deter- 
mination of ranges and bearings of aircraft 
targets at long ranges maintaining complete 
360° surveillance from the surface to high 
altitudes. System constants must be chosen with 
this function in mind. Relatively low radar fre- 
quencies are chosen (P or L band 30- 1000 mc) to 
permit long-range transmissions with minimum 
attenuation. Wide pulse widths (2 to 4 ms) and 
high peak power are used to aid in detecting small 
targets at great distances. Low pulse repetition 
rates are selected to permit greater maximum 
measurable range. Wide vertical beam width is 
used to ensure detection of targets from the 
surface to relatively high altitudes, and to 
compensate for the pitch and roll of the ship. 
Medium horizontal beam width is employed to 
permit fairly accurate bearing resolution while 
maintaining 360° search coverage. 

SURFACE SEARCH RADAR. -The primary 
function of surface search radar is the detection 
and determination of accurate range and bearing 
of surface targets while maintaining 360° sur- 
veillance for all surface targets within line-of- 
sight distance of the radar antenna. 

Since the maximum range requirement of a 
surface search radar is primarily limited by the 
radar horizon, very high frequencies (Xband) are 
employed to permit maximum reflection from 
small target- reflecting areas, such as ship 
mast-head structures and submarine periscopes. 
Narrow pulse widths (0.37 to 2 us) are used to 
permit a high degree of range resolution at short 
ranges, and to achieve greater range accuracy. 
High-pulse repetition rates (600 to 1000) are used 
to permit maximum illumination of targets. 
Medium peak powers can be used to permit 
detection of small targets at line-of- sight dis- 
tances. Wide vertical beam widths (10° to 
30°) permit compensation for pitch and roll of 
own ship and to detect low-flying aircraft. 
Narrow horizontal beam widths (1< to 3°) per- 
mit accurate bearing determination and good 
bearing resolution. 
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FIRE CONTROL RADAR. -The primary 
function of fire control radar is the acquisition 
of targets originally detected and designated from 
search radars, and the determination of ex- 
tremely accurate ranges, bearings, and position 
angles of targets within firing range. The an- 
tennas can be stabilized to compensate for pitch 
and roll of own ship. Very high frequencies are 
chosen to permit the formation of narrow beam 
widths with comparatively small antenna arrays, 
detection of targets with small reflecting areas, 
and high detail of all targets. Very narrow 
pulse widths provide a high degree of range ac- 
curacy, at short range, and excellent range 
detail. Very high repetition rates afford maxi- 
mum target illumination while using very narrow 
pulse widths. Since long ranges are not required, 
low peak power permits the use of smaller 
components by keeping the average power low. 
Narrow, vertical, and horizontal beam widths 
provide accurate bearing and position angles and 
a high degree of bearing and elevation resolu- 
tion. 

AIRBORNE RADAR. -Radar equipments for 
aircraft are of the same general types as for 
land or shipboard except that they are physically 
much smaller. Both search and fire control 
radars are successfully used in aircraft. While 
radar is a powerful aid to aircraft, the aircraft 
in turn increases the range of radar by supplying 
it with an elevated platform from which its ef- 
fective range in detecting objects is greatly 
extended because the line-of- sight distance is 
increased toward a farther horizon. 

Radar information picked up in a plane may 
be relayed by radio transmitter to another distant 
location on board ship or elsewhere, thereby 
effectively increasing the range. 

AUXILIARY EQUIPMENT. -Some means of 
distinguishing a friendly target from an enemy 
target is necessary An electronic system for 
"identification, friend of foe" (IFF system) is 
used for this purpose. This auxiliary equipment 
provides an accurate and rapid means of deter- 
mining the friendly or enemy character of objects 
detected by radar. 

The IFF system equipment consists of two 
groups containing two units in each group. Two 
units (transmitter- receiver) are located with the 
radar. The other two (receiver-transmitter) are 
located in friendly craft. The transmitter- 



receiver group is referred to as the RECOG- 
NITION SET (also INTERROGATOR) and the 
receiver-transmitter group is called the IDEN- 
TIFICATION SET (also TRANSPONDOR or 
transponder). 

When a radar operator observes an uniden- 
tified target on his radar, he sets the first 
group ( the INTERROGATOR) in operation. The 
interrogator transmitter is a pulse-type trans- 
mitter, which emits coded challenging pulses. 
The transpondor's receiver receives these 
pulses, which trigger (automatically) a coded 
reply known only by the friendly operators. 
The transpondor's transmitter releases this 
coded reply, which is received by the inter- 
rogator's receiver and placed on an indicator 
for evaluation. The indicator may be either an 
integral section within the radar scope or a 
separate scope. 

INFORMATION PRODUCED BY RADAR. - 
Radar increases the effectiveness of naval craft 
by adding new powers and capabilities to the 
human senses. It is unhampered by the ordinary 
obstacles to unaided vision such as darkness, 
fog, haze, and smoke. Radar reveals the pre- 
sence and location of certain kinds of objects 
situated far beyond the range of normal vision, 
indicating their distance and bearing directly 
and with a high degree of accuracy. Radar 
pierces the surrounding darkness or overcast 
and reveals aircraft, ships, land areas, cities, 
clouds, and hazards to navigation. 

FUNCTIONAL CONCEPTS 

Radar systems now in existence vary greatly 
in detail. They may be very simple; or, if more 
accurate data are required, they may be highly 
refined. The principles of operation, however, 
are essentially the same for all systems. Thus 
a single basic radar system can be visualized in 
which the functional requirements hold equally 
well for all specific equipments. 

In general, the degree of refinement of 
radar circuits increases with the frequency. 
The microwave region lends itself to a higher 
degree of precision in angular measurement, 
and for this reason modern radars operate at 
superhigh frequencies. 

The functional breakdown of a pulse - 
modulated radar system generally includes six 
major components, as shown in the block diagram 
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of figure 15-9. The components may be sum- 
marized as follows: 

1. The modulator produces the synchro- 
nizing signals that trigger the transmitter the 
required number of times per second. It also 
triggers the indicator sweep and coordinates the 
other associated circuits. In some sets an ex- 
ternal trigger generator is used to synchronize 
all triggered units. 

2. The transmitter generates the r-f energy 
in the form of short, powerful pulses. 

3. The antenna system takes the r-f energy 
from the transmitter, radiates it in a highly 
directional beam, receives any returning echoes, 
and passes these echoes to the receiver. 

4. The receiver amplifies the weak r-f 
pulses returned by the target and reproduces 
them as video pulses to be applied to the in- 
dicator. 

5. The indicator produces a visual indica- 
tion of the echo pulses in a manner that 
furnishes the required information. 

6. The power supply furnishes all a-c and 
d-c voltages necessary for the operation of the 
system components. 
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Figure 15-9.— Functional diagram of a 
fundamental pulse -modulated radar 
system. 



PERFORMANCE CHARACTERISTICS OF A 
RADAR SYSTEM 

Any radar system has associated with it 
certain specifications such as CARRIER FRE- 
QUENCY, PULSE-REPETITION FREQUENCY 
(the number of pulses sent out per second). 
PULSE WIDTH (in microseconds), and POWER 



RELATION (relationship of peak and average 
power). The choice of these arbitrar^ponstants 
for a particular system is determined by its 
tactical use, the accuracy required, the range 
to be covered, the practical physical size, and 
the problem of generating and receiving the 
signal. 

CARRIER FREQUENCY 

The carrier frequency is the frequency at 
which the r-f energy is generated. The principal 
factors influencing the selection of the carrier 
frequency are the desired directivity and the 
generation and reception of the necessary micro- 
wave r-f energy. 

For the determination of direction and for 
the concentration of the transmitted energy so 
that a greater portion of it is useful, the 
antenna should be highly directive. The higher 
the carrier frequency, the shorter the wavelength 
will be. Hence the antenna array is smaller for 
a given sharpness of pattern, because the indi- 
vidual radiating element is normally a half- wave 
long. For an antenna array of a given physical 
size the pattern is sharper for a higher fre- 
quency. 

The problem of generating and amplifying 
reasonable amounts of r-f energy at extremely 
high frequencies is complicated by the physical 
construction of the tubes to be used. The com- 
mon triode becomes impractical and must be 
replaced by tubes of special design. 

In general, the modifications for extremely 
high-frequency operation are designed to reduce 
interelectrode capacitances, transit time, and 
stray inductance and capacitance in the tube 
leads. 

At the receiver end, it is very difficult to 
amplify microwave signals; as a result, r-f 
amplifiers are not employed. Instead, the 
frequency of the incoming signal is mixed with 
that of a local oscillator in a crystal mixer to 
produce a difference frequency called the IN- 
TERMEDIATE FREQUENCY (i-f). The inter- 
mediate frequency is low enough to be ampli- 
fied in suitable i-f amplifier stages employing 
electron tubes. 

PULSE- REPETITION FREQUENCY 

Sufficient time must be allowed between each 
transmitted pulse for an echo to return from 
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any target located within the maximum work- 
able range of the system. Otherwise, the 
reception of the echoes from the more distant 
targets would be obscured by succeeding trans- 
mitted pulses. 

The range of a radar set depends upon the 
pulse repetition rate provided the power is suf- 
ficient. For example, when the peak power is 
sufficient, and the repetition rate is 250 PPS, 

106 

the period will be^^ 4000 ^s. At 12.2 

4000 

per mile, the range will be ^ ^ = 328 miles. 

This necessary time interval fixes the highest 
pulse- repetition frequency that can be used to 
avoid interference with the returning echo by 
the next output pulse. 

When the antenna system is rotated at a 
constant speed, the beam of energy strikes a 
target for a relatively short time. During this 
time, a sufficient number of pulses of energy 
must be transmitted in order to return a 
signal that will produce the necessary indication 
on the oscilloscope screen. For example, an 
antenna rotated at 6 rpm having a pulse repe- 
tition frequency of 800 cps will produce ap- 
proximately 22 pulses for each degree of antenna 
rotation. The persistence of the screen and the 
rotational speed of the antenna therefore deter- 
mine the lowest pulse repetition frequency that 
can be used. 



PULSE WIDTH 

The minimum range at which a target can 
ideally be detected is determined largely by 
the width of the transmitted pulse. If a target 
is so close to the transmitter that the echo is 
returned to the receiver before the transmitter 
is turned off, the reception of the echo obviously 
will be masked by the transmitted pulse. For 
example, a pulse width of ljis will have a 
minimum range of 164 yards, meaning that a 
target within this range will not show, or will 
be "blocked out" on the screen. In this respect, 
equipments for "close in" ranging or navigation 
work use pulses of the order of OA us. For 
long-range equipment the pulse width is normally 
from 1 **s to 5 /xs. 



POWER RELATION 

A radar transmitter generates r-f energy in 
the form of extremely short pulses and is 
turned off between pulses for comparative long 
intervals. The useful power of the transmitter 
is that contained in the radiated pulses and is 
termed the PEAK POWER of the system. Power 
is normally measured as an average value over a 
relatively long period of time. Because the 
radar transmitter is resting for a time that is 
long with respect to the operating time, the 
average power delivered during one cycle of 
operation is relatively low compared with the 
peak power available during the pulse time. 

A definite relationship exists between the 
average power dissipated over an extended 
period of time and the peak power developed 
during the pulse time. The overall time of 
one cycle of operation is the reciprocal of the 
pulse repetition frequency (PRF). Other factors 
remaining constant, the greater the pulse width 
the higher will be the average power; and the 
longer the pulse- repetition time, the lower will 
be the average power. Thus, 

Average power pulse width 

peak power ~ pulse- repetition time 

These general relationships are shown in figure 
15-10. 
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Figure 15-10.— Relationship of peak and 
average power. 

The operating cycle of the radar transmitter 
can be described in terms of the fraction of the 
total time that r-f energy is radiated. This 
time relationship is called the DUTY CYCLE 
and may be represented as 

_ pulse width 

duty cycle = pu i se repetition time 
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For example, the duty cycle of a radar having a 
pulse width of 2 microseconds and a pulse- 
repetition frequency of 500 cycles per second 

106 

(pulse repetition time =^7^, or 2,000 micro- 



500' 



second) is 



duty cycle = = 0.001 

Likewise, the ratio between the average power 
and peak power may be expressed in terms of the 
duty cycle. Thus, 



duty cycle = 



average power 



peak power 

In the foregoing example it may be assumed 
that the peak power is 200 kilowatts. Therefore, 
for a period of 2 microseconds a peak power 
of 200 kilowatts is supplied to the antenna, while 
for the remaining 1998 microseconds the trans- 
mitter output is zero. Because 

average power = peak power x duty cycle, 
average power = 200 x 0.001 =0.2 kilowatts 

High peak power is desirable in order to 
produce a strong echo over the maximum range 
of the equipment. Low average power enables 
the transmitter tubes and circuit components to 
be made smaller and more compact. Thus, it 
is advantageous to have a low duty cycle. The 
peak power that can be developed is dependent 
upon the interrelation between peak and average 
power, pulse width and pulse- repetition time, 
or duty cycle. 

ELEMENTARY RADAR TRANSMITTER 
AND RECEIVER 

The function of the modulator is to ensure 
that all circuits connected with the radar system 
operate in a definite time relationship with 
each other and that the interval between pulses 
is of the proper length. In general, there are 
two practical methods of supplying the timing 
requirements— timing by means of a separate 
unit and timing within the transmitter. 

A separate timing source may be used to 
give rigid control of the pulse- repetition fre- 
quency. In this case the source consists of any 
stable type of audio oscillator such astheWien- 
bridge oscillator. The output is then applied to 
the necessary pulse-shaping circuits to produce 



the required timing pulse. Figure 15-11 shows 
in block form the functional components as- 
sociated with the timer. These include the os- 
cillator and other stages and components that are 
necessary to generate, shape, and amplify the 
waveform so that it may properly trigger the 
magnetron in the transmitter. 
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Figure 15-11.— Simplified block diagram of 
a modulator and transmitter. 

The oscillator generates a steady output 
at a given frequency (usually any frequency 
between 625 and 650 cps and generally less 
than 1000 cps), and this output establishes the 
PRF of the set. 

The sine wave output of the oscillator is of 
the correct frequency but it does not have the 
correct shape and its amplitude is insufficient 
to fire the magnetron. Therefore, the signal 
is changed first into a square wave in the over- 
driven amplifier stage. The square wave is 
sharpened into a peaked wave in a differenti- 
ating circuit (a resistor and capacitor in series 
with the input, and the output taken across the 
resistor) and fed via a cathode follower to a 
blocking oscillator. 

The blocking oscillator is triggered at the 
correct frequency by this peaked wave. The 
blocking oscillator generates the type of square 
wave needed by the magnetron, except that it is 
of insufficient amplitude. 

The square- wave signal generated by the 
blocking oscillator is fed via a cathode follower 
to the power amplifier (preceded in actual 
circuits by driver amplifiers) where the square- 
wave pulse is amplified sufficiently to drive 
the magnetron. Only the negative portion of 
the pulse is used to drive the magnetron 
oscillator, and therefore the positive portion 
of the pulse is removed. 
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The magnetron goes into oscillation the 
moment it is triggered by the negative -going 
square wave from the power amplifier. The 
frequency of the magnetron oscillation may be 
of the order of 6500 megacycles. The width 
of the pulse is determined by the width of the 
negative -going pulse from the power amplfier 
and may be of the order of 1 microsecond. Dur- 
ing the pulse, the power output may be of the 
order of 125 kw. 

TRANSMITTER 

The transmitter is basically an r-f oscillator. 
It may be turned on and off by the negative-going 
pulse from the modulator. The radar oscillator 
(in this instance a magnetron) differs from other 
oscillators treated in chapter 8 in that it pro- 
duces a much higher frequency and has a much 
higher power output. The higher frequency 
permits smaller waveguides and antennas to be 
used; and the higher power permits stronger 
echoes and a greater useful range. 

Because of the superhigh frequencies in a 
radar set, buffers, frequency multipliers, and 
power output tubes following the magnetron 
would have little value in increasing the output 
power, and hence are not used in a radar 
set. 

The more powerful sets are capable of put- 
ting out 1 megawatt (1000 kw) of peak power. 
A simplified diagram of a magnetron is shown 
in figure 15- 12, A. The magnetron is essentially 
a diode that has its plate at ground potential and 
its cathode at a high negative potential during the 
time it is oscillating. The diode is placed in a 
powerful magnetic field produced by apermanent 
magnet. 

When a negative pulse is applied to the cathode 
and there is no magnetic field pre sent, electrons 
move in straight lines from the cathode to the 
plate, as shown in part(T)of figure 15-12,B- 
When a weak magnetic field (part(2)is applied, 
the electron paths become curved; and as the 
magnetic field becomes stronger (parts (2), (3), 
(§), and®), the electron paths become progres- 
sively more curved. Finally, the paths become 
so curved that the electrons are moving in closed 
circular orbits that miss the plate entirely, 
and no plate current flows. The plate in figure 
15-12,C, is a copper cylinder the internal sur- 
face of which is separated into a number of seg- 
ments by holes in the cylinder that serve as 
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Figure 15-12.— Simplified diagram of 
a magnetron. 
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tuned circuits. As the electrons move in circles 
past the plate segments they induce currents 
electrostatically in the walls of the holes. The 
energy of the magnetron output pulse is con- 
tained in the field associated with these currents. 
The smaller the circles the electrons make, 
the higher is the frequency of the oscillations. 
The frequency depends on the size of the cylinder, 
the strength of the magnetic field, and the dif- 
ference in potential between the cathode and 
plate. 

Energy is coupled out of the magnetron by 
means of a loop or probe; it is then transmitted 
to the antenna via a waveguide. 

The tremendous peak power produced in short 
pulses by the magnetron requires high plate-to- 
cathode potential and high cathode emission. 
Because of the relatively long resting time be- 
tween pulses, the problem of cooling is reduced 
and the physical size of the magnetron is not as 
large as would be expected from the peak power 
rating. 

TRANSMITTING AND RECEIVING 
ANTENNA SYSTEM 

One function of an antenna system is to 
take the energy from the transmitter, radiate 
that energy in some chosen manner (by using a 
directional system when bearings are desired 
but by using a nondirectional antenna system 
where a bearing indication is not necessary). 
Another function of an antenna system is to pick 
up the returning echo, pass it to the receiver 
with a minimum of losses. 

Some original radar installations contained 
two separate antenna systems: one for trans- 
mitting and one for receiving. The more prac- 
tical radar system uses a single antenna system 
and an electronic switch capable of rapidly 
shifting the antenna performance from transmit 
to receive functions and vice versa. The switch 
is needed to protect the receiver from damage 
by the potent transmitter energy during the pulse 
time and, also, to keep the transmitter from ab- 
sorbing some (or all) of the very weak echo dur- 
ing the receiving time. 

Nondirectional Antenna 

Some applications of radar can use a simple 
nondirectional antenna, for example, the vertical 
dipole. Nondirectional antennas are used in 



navigation aids, as radar beacons (called racon), 
and some forms of IFF equipment. 

Directional Antenna 

That radar system which indicates the bear- 
ings of targets must have some means of pointing 
its radiated energy in known directions. Prac- 
tically all such radar systems accomplish this 
by constant 360° rotation of a motor- driven 
energy- transfer device such as an antenna, wave- 
guide, reflector or director, or energy feedhorn. 

Each antenna type has abilities to couple 
and project electromagnetic energy into space; 
also each has an ability to convert received 
energy into the forms that activate receiver 
equipments. 

Combining the characteristics from several 
antenna types results, obviously, in an improved 
system. Thus, a reflector may be added as shown 
in figure 15-13, anddrivenby motor for continual 
360° rotation, to direct concentrated energy 
toward the horizon. This provides a highly- 
directive antenna system for use at radar fre- 
quencies in VHF region and above. Figure 15-14 
shows two antenna feed units at the focus; a 
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Figure 15-13. — Radar antenna with reflector. 
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Figure 15-14. — This section of reflector dish is fed from two kinds of energy-transfer devices, 

(A) Energy feedhorn and (B) dipole antenna. 

dipole antenna for IFF purposes and flared feed- 
horn for search purposes. This dish is a section 
of a parabola. 

Experience shows that a parabolic dish, when 
properly focused for projecting energy, will also 
serve at its best for accepting echo energy from 
space and returning it into the transmission 
system. 

If the parabolic reflector is sufficiently 
large so the distance from any point within the 
dish to the focal point is several wavelengths, 
then QUASI-OPTICAL conditions will exist and 
the emerging wave is a narrow beam. Sizes of 
reflectors, which are practicable for microwave 
work, have a diameter of 10 to 20 wavelengths 
to produce a beam width of approximately 5 
degrees. 

The quasi-optical theory is mentioned many 
times in describing radar behavior. The word 
quasi means " similar" or "like." When you 
speak of microwaves from a high-frequency 
radar transmitter being quasi-optical waves in 
their behavior, you merely mean that invisible 
radar waves act like visible light waves. 

RECEIVER 

When you compare figure 15-15 with the 
equipments described in chapter 14, you will 
recognize that the radar receiver is essentially 
a special type of superheterodyne receiver. Its 
function is to receive the weak echoes from the 



antenna system, combine them in a crystal mixer 
(half- wave crystal rectifier) with the r-f signals 
from a local oscillator, amplify the resultant 
i-f signal, detect the pulse envelope, amplify 
the resulting d-c pulses, and feed them to the 
indicator. At the higher frequencies used in 
radar, it is not possible to use a stage of r-f 
amplification ahead of the mixer, and therefore, 
the r-f signals are fed directly to the mixer. 
This converter is shown in figure 15-16. 
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Figure 15-15. — Block diagram of 
a radar receiver. 



In order to keep radar receivers in tune 
with their companion transmitters, a system of 
automatic frequency control is used in the re- 
ceivers. Briefly, the system functions as 
follows: A small fraction of the r-f energy 
from the transmitter line is applied to a special 
automatic-frequency- control (a-f-c) mixer 
along with a small fraction of the r-f energy 
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Figure 15-16.— Waveguide frequency 
converter which is part of the re- 
ceiver equipment. 

from the receiver local oscillator. The i-f 
energy resulting from the mixing of these 
two frequencies is amplified, rectified, and ap- 
plied via control circuits in such a way as to 
tune the local oscillator. If the i-f is of the 
correct frequency, the resulting direct voltage 
maintains the local oscillator at the correct 
oscillator frequency. If the i-f is too low in 
frequency the direct voltage applied to the 
local oscillator causes it to shift in frequency 
so that the i-f will be increased. lithe i-f is 
too high, the oscillator frequency is shifted in 
the opposite direction. 

The stability of operation is maintained in 
the microwave range of frequencies by careful 



design; and the overall sensitivity of the re- 
ceiver is greatly increased by the use of many 
i-f stages. Special types of tubes having low 
interelectrode capacitances also have been de- 
veloped for use in local-oscillator and i-f 
stages. Re-examine the block diagrams of a 
radar receiver which is shown in figure 15-15. 
As in communications receivers, the i-f signals 
in a radar receiver are fed to the second detector 
where the signal is rectified and the i-f com- 
ponent is removed. The remaining modulation 
pattern, consisting of d-c pulses, is fed to a 
video amplifier. In one type of presentation 
the output of the video amplifier is fed to the 
vertical deflection plates of an electrostatic- 
type cathode- ray tube. The amplitude of the 
vertical trace formed on the screen is pro- 
portional to the strength of the received sig- 
nals. Simultaneously, a sawtooth voltage is 
applied to the horizontal deflection plates in 
synchronism with the transmitted pulse. The 
sawtooth voltage provides a horizontal dis- 
placement that is proportional to range. 

Radar video amplifiers have wide band fre- 
quency response similar to that of television 
video amplifiers. 

POWER SUPPLY 

In the functional diagram of the radar 
system (fig. 15-9) the power supply is repre- 
sented as a single block. Functionally, this block 
is representative; however, it is unlikely that 
any one power supply could meet all the power 
requirements of a radar set. The distribution 
of the physical components of the system muy be 
such as to make it impractical to lump the 
power-supply circuits into a single physical unit. 
Thus, different supplies are needed to meet the 
varying requirements of the system and must be 
designed accordingly. The power-supply func- 
tion is performed, therefore, by various types 
of supplies distributed among the circuit com- 
ponents of the radar equipment. Power supplies 
are treated in chapter 3. 
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SPECIAL CIRCUITS 



In order to GENERATE and RESHAPE the 
waves and to CONNECT one circuit to another 
in such a way as to cause the least disturbance 
to either circuit, several special circuits are 
needed. These circuits are listed and briefly 
described here, but are treated In detail in 
other chapters of this text and as needed in 
the rating books. 

GENERATING CIRCUITS 

A generating circuit is one that produces 
oscillations of a given form and frequency. 

In most instances the generating circuits 
for radar purposes are the familiar sine wave 
oscillators that are discussed in chapter 8. 
The generated output of the sine wave oscil- 
lators may be put into shaping or reshaping 
circuits, such as clipping, clamping, limiting, 
and peaking stages to produce other essential 
waveshapes such as square waves, peaked 
waves, and sawtooth waves. Those stages 
require coupling stages (connecting circuits) 
as cathode followers and phase inverters which 
are explained in chapter 6. 

NONSINUSOIDAL WAVES 

Pure sine waves are basic waveshapes. 
We shall show that sine waves are the building 
blocks for the nonsinusoidal waves used in radar 
and other electronic devices. Let us return to 
figure 1 5- 1 1 to inspect the waveshapes associated 
with each device, beginning with the oscillator. 
That waveshape is a sine wave. Next is a 
square wave, obtained from the overdriven 
amplifier in this instance. Spiked waves (also 
called peaked waves) are obtained from the 
output of the differentiating circuit. Such waves 
are classed as nonsinusoidal shapes to distin- 
guish them from the well-known sine waves. 
You will learji that a complex periodic wave 
is composed of a fundamental and different 
harmonics. The shape of the resulting wave 
depends on harmonics that are present, their 



relative amplitudes, and relative phase relation- 
ship. In general, the steeper the sides of the 
waveshape, that is, the more rapid its rise or 
fall, the more harmonics it contains. 

Composition 

Any periodic wave (one that repeats itself 
in definite time intervals) is composed of sine 
waves of different frequencies and amplitudes, 
added together. The sine wave which has the 
same frequency as the complex periodic wave 
is called the fundamental. The fundamental 
corresponds to the first harmonic. 

The frequencies higher than the fundamental 
are called harmonics, provided: The harmonics 
are always a whole number of times higher 
than the fundamental, and are designated by 
this integer (whole number). For example, 
the frequency twice as high as the fundamental 
is the second harmonic. 

Square Wave 

Figure 16-1, A, compares a square wave with 
a sine wave A of the same frequency. Concen- 
trate your attention only for the moment on 
these (by ignoring the presence of waves B 
and C) and note they are considerably different. 
If another sine wave B of smaller amplitude, 
but three times the frequency, called the third 
harmonic, is added to A, then we get a new 
curve; the resultant is curve C. Now compare 
curve C with the desired square wave. The 
appearance of the resultant more nearly 
approaches that of the square wave. The 
resultant is shown again as curve C in figure 
16-1,B. When the fifth harmonic is added, 
the sides of the new resultant are steeper 
than before. The new resultant is curve E 
in figure 16-1,B, and is carried down to figure 
16-1,C. Addition of the seventh harmonic, 
of smaller amplitude, makes the sides of the 
composite curve steeper than any previous 
curve. Addition of more and more odd harmonics 
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Figure 16-1.— Composition of a square wave. 



brings the resulting wave nearer to the desired 
square wave. In the square wave composition, 
all the odd harmonics cross the zero reference 
line in phase with the fundamental. The re- 
sulting wave becomes an exact square wave if 
an infinite number of odd harmonics is added. 

Sawtooth Wave 

Similarly, a sawtooth wave is made up of 
different sine waves. First the second harmonic 
of smaller amplitude is added to the fundamental. 
The resultant is shown as curve C in figure 
16-2, A and it is shown again as curve C in 
figure 16-2.B. You see that the crest of the 
resultant is already pushed to one side. Next, 
the third harmonic is added. The new resultant 




Lismt 

A. FUNDAMENTAL 
ft 2ND HARMONIC 

C. FUNDAMENTAL PLUS 2ND HARMONIC 

D. 2RD HARMONIC 

I. FUNDAMENTAL PLUS 2ND AND SRD HARMONICS 
F. 4TH HARMONIC 

0. FUNDAMENTAL PLUS 2ND, SRD AHD 4TH HARMONICS 

H. STH HARMONIC 

J. FUNDAMENTAL PLUS 2ND. 3RD. 

4TH. AND STH HARMOMICS 
K. STH HARMONIC 
L. FUNDAMENTAL PLUS 2ND, 3RD, 

4TH, STH. AHD STH HARMOMICS 
M. 7TH HARMONIC 

H. FUNDAMENTAL PLUS 2ND. 3RD, 4TH. 
STH. STH, 7TH HARMOMICS 



20.296 



Figure 16-2.— Composition of a sawtooth wave. 

is the curve E in figure 16-2,B as well as in 
figure 16-2,C. The peaks are pushed farther 
to tffe side. This is carried on through the 
other sections of figure 16-2 by adding the 
fourth, fifth, sixth, and seventh harmonics in 
turn. In the sawtooth wave composition, all 
the even and odd harmonics cross the zero 
reference line in phase with the fundamental. 
As each harmonic is added, the ensuing resultant 
more nearly resembles the sawtooth wave. 

Peaked Wave 

Figure 16-3 shows the trend in composition 
of a peaked wave. Notice how the addition of 
each odd harmonic makes the peak of the 
resultant higher and the sides steeper. The 
composition of a peaked wave differs from that 
of a square wave in that there is a different 
phase relationship between harmonics. In the 
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Figure 16-3.— Composition of a peaked wave. 

square wave composition all the odd harmonics 
cross the zero line in phase with the fundamental. 
In the peaked wave composition the 3rd, 7th, 
11th, and so forth, harmonics cross the zero 
line 180° out of phase with the fundamental 
while the 5th, 9th, 13th, and so forth, cross the 
zero line in phase with the fundamental. 

REPETITION-RATE OSCILLATOR 

The repetition- rate oscillator determines the 
pulse repetition rate of a radar system. The 
Wien-bridge oscillator is widely used because 



of its reliable performance under strenuous 
applications over long periods. The action of 
this oscillator is covered in chapter 17 where 
you learn the phase -shifting element is a 
frequency-selective bridge. The capacitor and 
resistor elements of the bridge circuit are 
chosen to produce a desired pulse repetition 
rate (PRR). 

SAWTOOTH GENERATOR 

The sawtooth generator is described in 
chapter 17. It produces waves that resemble 
the shape of saw teeth. This type of generator 
may be operated continuously to produce the 
sweep voltage for use with the electrostatic 
type* of cathode-ray tube. This generator may 
be triggered also by a sharp voltage plus from 
another circuit as used in the synchroscope. 
Those applications are covered in chapter 17. 



MULTIVIBRATOR 

The multivibrator is used to produce square 
waves of the desired frequency. Like the saw- 
tooth generator it may operate continuously, 
or it maybe triggered into operation periodically 
by sharp voltage pulses. The multivibrator 
is described in chapter 17. The square waves 
that trigger the magnetron are produced by a 
multivibrator that is in turn triggered by the 
timing pulse. 

MAGNETRON 

The magnetron oscillator is also a generating 
circuit. It produces the high-frequency oscil- 
lations at sufficient power (during pulses) to 
properly "illuminate' ' the range area covered 
by the equipment. See figure 15-12. A. 

LOCAL OSCILLATOR 

The local oscillator in the radar receiver 
generates high-frequency oscillations, which, 
when mixed with the incoming pulse frequency, 
produce the intermediate frequency. This type 
of oscillator at superhigh frequencies (3000 mc 
and above) consists of a reflex velocity- 
modulated tube (klystron) tuned by cavity reso- 
nators. These are described inappropriate 
rating texts. 
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RESHAPING CIRCUITS 

A reshaping circuit is one that takes the 
waveform from a generating circuit and shapes 
it according to the needs of the system. 

LIMITING CIRCUIT 

Limiting, or clipping, circuits are employed 
to change the shape of the wave by clipping 
the top or bottom of the wave, or both. This 
may be accomplished by operating the grid 
with a small bias or a large bias or by over- 
driving a conventional amplifier. This type 
of amplifier is treated in chapter 14. The 
effects of too little or too much bias are 
treated in chapter 5. 

The term, limiting, refers to the removal 
by electronic means of one extremity or the 
other of an input waveform. Circuits that 
perform this function are called limiters, or 
clippers. 

Limiters are useful in wave-shaping circuits 
where it is desirable to square off the extrem- 
ities of the applied signal. A sine wave may 
be applied to a limiter circuit to obtain a 
rectangular wave; a peaked wave maybe applied 
to a limiter to eliminate either the positive 
or the negative peaks from the output. In 
frequency-modulation receivers, where it is 
necessary to limit the amplitude of the signal 
applied to the detection system to a constant 
value, limiter circuits are employed. Limiters 
also are used as protective devices in circuits 
in which the input voltage to a stage must be 
prevented from swinging too far positive or 
negative. 

Diode Limiting 

A diode conducts only when its plate is 
positive with respect to its cathode. A con- 
ducting diode has a relatively low resistance, 
and the drop across it is low and, in general, 
is neglected. In the following examples of 
limiting, the effect of load current on the 
limiting action is also neglected. 

The SERIES DIODE LIMITER (diode in series 
with the load) shown in figure 16-4, may be 
used for positive or negative limiting, depending 
on the way the diode is connected into the 
circuit. In each of the circuits the resistance 
of R is relatively large compared with the 



resistance of the conducting diode. The upper 
input and output terminals arbitrarily are con- 
sidered to be positive with respect to ground 
when the input voltage wave is positive. On 
the following half cycle, the upper terminals 
are negative with respect to ground when the 
input voltage wave is negative. The circuit is 
similar to a half-wave rectifier. 

With positive limiting, the output voltage 
remains at zero throughout the positive half 
cycle of the input because no current can flow 
through R. During the negative half cycle, 
however, the cathode is negative with respect 
to the plate, and the tube conducts. Except 
for the small voltage drop, ep, across the tube, 
the output waveform follows the input waveform. 

In negative limiting, the diode connections are 
reversed from what they are in positive limiting. 
The action is essentially the same except that 
the negative half of the waveform is limited 
(not passed). 

An alternate method of using diodes in 
limiter circuits is shown in figure 16-5. The 
name PARALLEL DIODE LIMITING is derived 
from the circuit connection— that is, from the 
fact that the diode is connected in parallel 
with the load. 

In positive limiting, the diode conducts 
during the positive half of the cycle (the plate 
is positive with respect to the cathode) and places 
virtually a short circuit across the load. Only 
the small voltage, e p , appears at the output. 
During the negative half of the cycle the tube 
is an open circuit (the plate is negative with 
respect to the cathode), and the signal appears 
at the output as a negative half cycle. 

In negative limiting, the diode connections 
are reversed with respect to their connections 
in positive limiting. The action is essentially 
the same except that the negative half of the 
waveform is limited. 

The input voltage of a limiter can be limited 
(in the output) to any desired positive or negative 
value by holding the proper diode electrode to 
that voltage by means of a battery or biasing 
resistor. Two such circuits are illustrated 
in figure 16-6. 

In positive limiting, the cathode is more 
positive than the plate by the value of E when 
no signal is applied to the input. As long as 
ein remains less positive than E, the diode is 
an open circuit and the output waveform follows 
the input waveform. When ein exceeds E on 
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Figure 16-4.— Series diode limiting. 



the positive half cycle, the diode conducts 
(the output is then connected effectively across 
E), and the output is limited to E volts above 
ground. The difference between ei n and E 
appears as an IR drop across R when the 
diode conducts. During the negative cycle 
the diode cannot conduct, and the output waveform 
follows the input waveform. 

In negative limiting, the plate of the diode 
(under no-signal conditions) is more negative 
than the cathode by the value of E. Thus, as 
long as the input is positive or less negative 
than E the diode is an open circuit, and the 
output voltage waveform follows the input volt- 
age waveform. When the input becomes more 
negative than E, the diode conducts, and the 
output terminals are in effect connected across 
the battery. The difference between e^ n and E 



appears as an IR drop across R when the diode 
conducts. 

It is sometimes desirable to pass only the 
positive or negative extremity of a waveform 
to a succeeding stage. This may be accomplished 
by the use of one of the circuits illustrated in 
figure 16-7. 

The circuit illustrated in the upper part of 
the figure retains the negative peaks of the 
input waveform; that is, the negative peaks 
are passed to the output. During the positive 
half cycle the diode conducts and the output 
is E because the output terminals are, in 
effect, connected across the battery. The dif- 
ference between e\ n and E appears, of course, 
as an IR drop across R. This condition prevails 
until the negative peak arrives. During the 
time that the negative peak is greater than E, 
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Figure 16-5.— Parallel diode limiting. 

the diode ceases to conduct and the negative 
peak appears at the output. 

The circuit in the lower part of figure 16-7 
retains the positive peaks of the input wave- 
form. During that portion of the positive half 
cycle, when ei n is less than E, the diode 
conducts because its plate is positive with 
respect to its cathode, and the output is there- 
fore E. However, when the positive- going 
input signal exceeds E, the tube is cut off 
(the cathode is positive with respect to the 
plate), and the positive peak appears across 
the output. During the negative half cycle 
the diode conducts and the output is E. Again, 
the difference between ein and E appears as 
an IR drop across R. 

Double-diode limiters are used to limit both 
positive and negative amplitude extremities. 
A circuit connected to provide this type of 
limiting is illustrated in figure 16-8. 

Diode VI conducts whenever the positive- 
going input signal exceeds El, thus limiting 
the positive output to the value of El. This 
results from the fact that VI, in effect, connects 
the output terminals across El; V2 is, of 
course, nonconducting, or an open circuit, 
during this time. The difference between ei n and 
El appears as an IR drop across R. 

Diode V2 conducts whenever the negative- 
going input signal exceeds E2, thus limiting 
the output to the value of E2 during the negative 



half cycle. During this time, the output terminals 
are connected, in effect, across E2; and VI is, 
of course, an open circuit. 

This circuit represents a simple method of 
producing a square-wave output from a sine 
wave input voltage. 



Grid Limiting 

The grid-cathode circuit of atriode, tetrode, 
or pentode may be employed as a limiter 
circuit in exactly the same way as the plate - 
cathode circuit of the diode limiter illustrated 
in the upper part of figures 16-6 and 16-7. 
By inserting a series grid resistor (fig. 16-9, A) 
that is large compared with the grid-to-cathode 
resistance when grid current flows, essentially 
the entire positive half cycle of the input 
voltage is limited to almost zero. For example, 
the grid-to-cathode resistance may drop from 
an infinite value, when the grid is negative 
with respect to the cathode, to a value of the 
order of 1000 ohms when the grid becomes 
positive with respect to the cathode. If a 
one- megohm resistor is placed in series with 
the grid, the voltage drop across the 1000- 
ohm Rgk is negligible compared with that which 
is developed across the one- megohm resistor 
by the flow of grid current. 

The grid limiter circuit shown in figure 
16-9, A, is held normally at zero bias. During 
the positive portion of the input signal the grid 
attempts to swing positive. Grid current flows 
through R, developing an igR drop of such 
polarity as to oppose the positive input voltage. 
The larger R is with respect to Rg^, the 
smaller will be the relative voltage across 
Rgk when grid current flows. The drop across 
R may be considered as an automatic bias 
developed during that part of the input cycle 
when grid current flows. 

Alternate circuits for limiting the positive 
peaks of the input voltage are shown in figure 
16-9.B and C. In part B the tube is biased 
by the negative potential. E, supplied to the 
grid. No grid current flows until ei n rises 
sufficiently to equal and effectively remove the 
biasing voltage, E. Any further rise of ej n 
drives the grid positive with respect to the 
cathode, and grid current through R limits 
the signal on the grid by virtue of the voltage 
drop across R. 
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Figure 16-6. — Parallel diodes limiting above and below ground potential. 



In figure 16-9, C, bias is developed between 
grid and cathode by the flow of PLATE current 
through Rfc. Any positive signal, ei n , must 
drive the grid positive by an amount equal to 
the value of E^ before the biasing effect of 
Rk is removed. A further rise of the input 
voltage produces grid current, and this results 
in the limiting of the voltage at the grid due 
to the drop across R. Ck charges up to the 
value, Ek, and holds the voltage at this level 
over the entire cycle. 

Saturation Limiting 

When a series-limiting resistor (fig. 16-9) 
is used in the grid circuit, the grid cannot 
be driven to an appreciably positive voltage, 



and, despite the positive amplitude of the 
input voltage, the maximum plate current that 
flows is that determined by the plate supply 
and the resistance of the plate circuit at 
approximately zero bias. Thus, the minimum 
plate voltage is determined by the limiting 
action in the grid circuit. The grid voltage, 
plate current, and plate voltage relationships 
are illustrated in figure 16-10. Grid limiting 
occurs during the first half cycle. 

The grid-limiting resistor may be omitted 
if the signal comes from a low- impedance, 
high-power source, and limiting in the plate 
circuit may still be realized. This is due to 
plate-circuit saturation and is usually referred 
to as saturation limiting. Plate-current satu- 
ration should not be confused with emission 
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Figure 16-7. — Parallel diode limiters that pass peaks only. 



saturation because in tubes using oxide-coated 
cathodes there is no definite saturation value 
of emission current. Also plate- current satu- 
ration limiting differs from grid-limiting in 



that the grid voltage is not limited in plate - 
current saturation limiting. 

By using a large value of plate-load resist- 
ance Rl and a low value of plate-supply voltage 
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Figure 16-8. — Double- diode limiter circuit. 
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Figure 16-9.— Grid limiters. 

Eb» saturation limiting may be produced by 
a relatively low amplitude of positive grid 
voltage. Limiting occurs in the plate circuit 
only. In any case, however, the plate current 

E B 

can never exceed the value of — . In an actual 

R L 

circuit some small positive voltage must remain 
on the plate to attract electrons from the 
cathode, and the saturation plate current never 

E B 

quite equals . In other words, there remains 
R L 

across the tube a low-voltage drop when the 
plate current is at saturation because the plate 
to cathode resistance at saturation does not 
decrease to zero. 

Cutoff Limiting 

Electron current through an electron tube 
can flow only from cathode to plate; it cannot 
flow from plate to cathode. When the grid 



of an electron tube is driven to cutoff, the 
plate current is decreased to zero and remains 
at zero during the time the grid is below 
cutoff. Because no current flows in the plate 
circuit when the tube is cut off, no voltage is 
developed across the load resistance, and the 
plate is maintained at the full value of the 
plate supply voltage. Thus, a type of limiting 
is achieved in which the positive extreme of 
the plate waveform is flattened as a result 
of driving the grid beyond cutoff. Cutoff limiting 
is illustrated in the second half cycle (fig. 16-10). 

The cutoff voltage, Eco, may be defined as 
the negative voltage, with respect to the 
cathode, to which the grid must be driven 
in order to prevent the flow of plate current. 
For any given type of tube this voltage level 
is a function of the plate-cathode voltage and 
in the case of triodes may be approximated 
by the expression: 

E 

P 

E — it 
co H 

where Ep is the plate-cathode voltage and *iis 
the amplification factor of the tube. This 
relationship is NOT valid in the case of tetrodes 
and pentodes. 

Overdriven Amplifier 

An amplifier circuit in which saturation 
limiting is employed in conjunction with cut- 
off limiting to produce a rectangular waveform 
from a sine waveform is known as an over- 
driven amplifier (fig. 16-10). The driving 
circuit for such an amplifier should have a 
relatively low output impedance and be capable 
of delivering power because considerable cur- 
rent is drawn during the positive swing of 
the grid voltage. The value of the load re- 
sistor is made as large as practicable for 
the plate voltage available. 

Limiter Applications 

In radar work, very narrow pulses often 
are required to start oscillators into action, 
to force grids above cutoff so that a tube may 
conduct for a short period, to force grids 
below cutoff so that a tube may not conduct 
for a short period, or to modulate radio fre- 
quencies into brief pulses. Alternately positive 
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LIMITING 

20J04 

Figure 16- 10. —Overdriven amplifier. 

and negative pulses, obtained in various ways, 
may be passed through a limiting circuit to 
obtain pulses that are either positive or neg- 
ative with respect to a reference value. This 
reference level may be at zero voltage or 
any positive or negative potential. By alternate 
stages of amplification and limiting, the pulse 
may be narrowed to any practical width desired. 
The waveforms of a typical series of such 
actions are illustrated in figure 16-11. 

INPUT LIMITING AMP LI- DIFFERED LIMITING LIMITING AMPLI- 
FICATION TIATION FICATION 

20.J05 

Figure 16-11. — Formation of narrow pulses by 
successive stages of special radar circuits. 



Limiting and differentiating circuits can be 
used in combination to change sine waves into 
square waves, and then to limit the peaks of 
the resultant waveform. A circuit for accom- 
plishing this sequence of events is illustrated 
in figure 16-12. 

A sine wave is fed into the input. The series 
diode limiter removes the positive portion of 
the signal and passes the negative portion to 
the triode limiter. The diode can conduct only 
when its cathode is negative with respect to 
its plate— or, in this case, negative with respect 
to ground. 

As the grid of the triode limiter becomes 
more negative, the plate current drops and 
plate voltage rises until the grid voltage reaches 
cutoff. The plate voltage remains at the applied 
voltage during the time the grid is held below 
cutoff. When the grid potential rises above 
cutoff, plate current increases, and the plate 
potential falls. Thus, a square wave is formed 
at the output of V2. 

If the grid of V3 were disconnected, the 
square wave across the small-time constant 
RjCj would give a peaked wave with negative 
and positive pulses, or spikes across Rl. 
With the grid of V3 connected, the larger part 
of the positive peak is clipped off because 
of grid current flow in V3. The voltage applied 
to V3 is therefore a series of negative pulses. 

Except when negative pulses are applied to 
the grid of V3, saturation current flows in the 
plate circuit, and the plate voltage is low. 
During the time negative pulses are applied 
to the grid of V3 the voltage at its plate rises 
to the supply voltage. The output is therefore 
a series of positive pulses. 

DIFFERENTIATOR AND INTEGRATOR 
CIRCUITS 

Before studying differentiator (peaking) and 
integrator circuits you should review Basic 
Electricity. NavPers 10086A, especially the 

portions on -jj- and RC time constants, the 

universal time constant chart, the growth and 
decay of current in an RL series circuit, and 
the charge and discharge of an RC series 
circuit. 

In Basic Electricity, a direct voltage was 
applied to the series RL and RC series circuits. 
In this section, periodic waveforms (sine, 
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Figure 16-12.— A method of squaring and peaking a sine waveform. 
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square, and sawtooth waveforms) are applied to 
series RC circuits. The output voltage waveform 
across the resistor (differentiator output) and the 
output across the capacitor (integrator output) 
are illustrated and discussed in each instance. 

An RC voltage divider that is designed to 
distort the input voltage waveshape is known 
as a DIFFERENTIATOR or INTEGRATOR, 
depending on the location of the output taps. 
The output from a differentiator is taken across 
the resistance, and the output from an integrator 
is taken across the capacitor. Such circuits 
will change the shape of any complex alternating- 
voltage waveshape that is impressed on them. 
The amount of distortion depends on the value 
of the time constant of the circuit as compared 
to the period of the input waveform. However, 
neither a differentiator nor an integrator can 
change the shape of a pure sine wave. In 
the following figures, both integrator and differ- 
entiator outputs are shown, but usually only 
one output is used in practical circuits. 

Sine Wave Input 

If a 1000- cycle sine wave voltage having a 
peak value if 100 volts is applied across an 
RC voltage divider that has an intermediate 



or short time constant, the sine wave output 
across R will-be shifted in phase with respect 
to the input. The phase shift is illustrated 
in figure 16-13. 

R is 10,000 phms and C is 0.0092 jxf, and 
the time constant is R x C, or 10,000 x 0.0092 
=92 jis. Compared with the period of the input 
frequency (1000 /is) the time constant, RC = 92 
P-s, is relatively short. 

In this circuit the differentiator output 
voltage, er, is a sine wave voltage that leads 
the input voltage, ei n , by 60°. The integrator 
output voltage, e c , is a sine wave voltage that 
lags e r by 90° and lags e by 30°. 

Square -Wave Input 

If the value of the capacitor in the circuit 
of figure 16-13 is changed to 0.1 ^ f and a 
1000-cycle square- wave voltage is impressed 
on the circuit instead of a sine jvave, the outputs 
of figure 16-14 will be obtained. 

The action of the square wave on this RC 
circuit is analogous to the action of the direct 
potential discussed in Basic Electricity, Nav- 
Pers 10086A. A square-wave voltage of 100 
volts (peak) is placed across the input of the 
circuit, and the capacitor alternately charges 
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Figure 16-13.— RC integrator and differentiator action on a sine- wave voltage. 

as a result the integrator output, e c , has a 
smaller amplitude than the input. The two 
outputs, e c and e r , must add at all times to 
the input voltage. 

The output has a maximum amplitude (after 
the first cycle) that is greater than the input 
amplitude because the voltage left on the capac- 
itor from the previous half cycle will add to 
the input voltage. The sum of these two voltages 
will appear as a voltage drop across the resistor 
at the instant the polarity of the input voltage 
changes. 

Figure 16-15 shows the effect of two dif- 
ferent values of time constant on the outputs of 
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Figure 16-14.— RC integrator and differen- 
tiator action on a square- wave voltage. 

positively and negatively an amount determined 
by the RC time constant. Because (in this 
case) the time constant is equal to the period 
of the square-wave input, the capacitor never 
fully charges during either half cycle, and 
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Figure 16- 15. — Effect of time constant on 
RC differentiators and integrators. 
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the voltage divider. Part A has a time constant 
equal to one -tenth the period of the input 
wave. The capacitor has time to become 
charged during a half cycle. Such a circuit 
when used as a differentiator is often known 
as a PEAKER. As may be seen in the figure, 
the e r peaks have an amplitude equal to twice 
the input amplitude. 

Part B shows the effect of a time constant 
that is 10 times as long as the period of the 
input signal. The differentiator output voltage, 
er, is about the same as the input voltage, E, 
and the integrator output voltage, ec, has a 
very low amplitude. 

The voltage spikes in part A are very useful 
in triggering certain radar circuits (and also 
television horizontal sync circuits). 

Miscellaneous Inputs 

Various waveforms, other than sine waves 
and square waves, may be applied to short 
RC time constant circuits for the purpose 
of producing across the resistor an output 
voltage with an amplitude proportional to the 
rate of change of the input. Conversely, the 
shorter the RC time constant is made with 
respect to the period of the input wave, the 
more nearly the voltage across the capacitor 
conforms to the input. 

The differentiator, e r , outputs for two saw- 
tooth input voltage waves are shown in figure 
16-16. In both sawtooth waves the slope of 
the trailing edge of the voltage waveform is 
greater than that of the leading edge (the 
voltage changes more per unit of time); there- 
fore, the amplitude of the output voltage, e r , 
is greater from time 1 to 2 than it is from time 
0 to 1. In the lower waveform the rate of 
voltage decay is increased (the interval from 
time 1 to 2 is shortened) with the result 
that amplitude of the negative peaks of the 
output voltage, e r , are correspondingly in- 
creased. 

CLAMPING CIRCUITS 

A circuit that holds either amplitude extreme 
of a waveform to a given reference level of 
potential is .called a CLAMPING CIRCUIT. 
The terms, D-C RESTORER and BASELINE 
STABILIZER, are also used. In general, these 
circuits may be divided into two categories: 



(1) DIODE and GRID CLAMPING, which clamps 
EITHER amplitude extreme and allows the 
waveform to extend in only one direction from 
the reference potential; and (2) SYNCHRONIZED 
CLAMPING, which maintains the output potential 
at a fixed level until a synchronizing pulse is 
applied, and at this instant the output potential 
is allowed to follow the input. At the end of 
the synchronizing pulse the output voltage is 
returned immediately to the reference level. 

Before discussing clamping circuits it is 
desirable to review briefly the action of coupling 
networks. In the coupling between stages in 
radio and radar circuits, a coupling capacitor 
is generally used to keep the high positive d-c 
plate potential of the first tube isolated from 
the grid of the second tube. It Is desirable 
that only the VARYING component of the plate 
potential be transmitted to the grid as a signal 
varying above and below some fixed reference 
level. If the lower end of the grid resistor is 
grounded, the signal varies above and below 
ground. If a biasing potential is employed, 
the signal applied to the grid varies above and 
below this d-c bias voltage. 

For a class A amplifier, the signal applied 
to the grid varies above and below some fixed 
reference level. The biasing potential is 
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Figure 16-16.— Differentiator outputs of short 
time constant circuits for two sawtooth input 
voltage waves. 
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adjusted to the center of the class A range 
and the varying potential is kept within the 
limits of this range (fig. 16-17,A). 

In other circuits, however, the waveform 
swing must be entirely above or entirely below 
the reference voltage instead of alternating on 
both sides of it (fig. 16-17,B and C). For these 
applications a clamping circuit is used to hold 
either the positive extreme or the negative 
extreme of the waveform to the desired level. 

REFERENCE 

RJU ^ njjj' 

A B C 

NO CLAMPING POSITIVE CLAMPING NEGATIVE CLAMPING 

20.311 

Figure 16-17. — Grid voltage variations with 
respect to a reference potential. 

The output of an ordinary RC coupling 
network is alternating in character about the 
average voltage level of the applied waveform 
because the RC time constant is large compared 
to the period of the input signal (see fig. 16-15,B). 
After the coupling capacitor charges to the 
average voltage, any decrease in the applied 
voltage causes the output voltage to swing 
positive. If the capacitor can be made to 
charge to the MINIMUM applied voltage and no 
more, any swing has to be in the positive 
direction. The output voltage therefore varies 
between the reference voltage and some positive 
value, depending on the amplitude of the input 
signal (fig. 16-17,B). If, on the other hand, 
the capacitor can be made to charge to the 
MAXIMUM applied voltage and to remain at 
that level, any swing necessarily is in the 
negative direction; the output voltage therefore 
varies between the reference voltage and some 
negative value, depending on the amplitude of 
the input signal (fig. 16-17.C). 

Diode Clamping 

The simplest type of clamping circuit utilizes 
a diode in conjunction with an RC coupling 
circuit, one arrangement (positive clamping) 
of which is shown in figure 16-18. In this 
instance the capacitor voltage is maintained at 
approximately the minimum applied voltage. 

To understand the action of this circuit 
the following points should be kept in mind: 
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Figure 16-18. — Positive clamping circuit and 
voltage waveforms. 



(1) If the cathode of a diode is made negative 
with respect to the plate (or the plate positive 
with respect to the cathode) electrons flow 
from cathode to plate and the tube becomes 
a LOW RESISTANCE (in effect, a short circuit); 

(2) if the cathode is made positive with respect 
to the plate, no current flows and the tube may 
be considered a HIGH RESISTANCE (in effect, 
an open circuit). 

The plate-voltage variations of a circuit 
producing a square-wave voltage is typical of 
the kind of input (ei n ) applied to the clamping 
circuit of figure 16-18. In this clamping circuit, 
capacitor C charges gradually through the high 
resistance, R. After a periodof time, depending 
on the RC time constant, the charge on the 
capacitor reaches 50 volts, the base of the 
input waveform. The problem is to maintain 
the charge at this value in spite of the tendency 
of the capacitor to charge to a higher level 
when the applied voltage goes to f 150 volts. 
The waveforms shown at the right will exist 
if no diode clamper is used. 

Assuming that a steady voltage equal in 
magnitude to that at time A has been applied 
for some time, the capacitor may then be 
considered to be charged to 50 volts. During 
the time interval between A and B the charge 
on the capacitor is equal to the applied voltage, 
and no current flows through R. Then at point 
B the applied potential suddenly increases to 



BASIC ELECTRONICS 



+ 150 volts. Because it is impossible for the 
charge on the capacitor to change instanta- 
neously, the difference between the +150 volts 
applied and the 50 volts across the capacitor 
must appear across R. This difference of 
100 volts becomes the output voltage, e r . 

The fact that a voltage appears across R 
indicates that current flows through it. This 
current adds to the charge on C. Generally, 
the RC time constant is very long and the 
charge added to C is small. For simplicity, 
assume that the 150-volt potential is applied 

for a time equal to ^ RC— that is, the interval 

from point C to point D. Because the cathode 
of the diode is positive with respect to the 
anode (which is at ground potential), the tube 
is in effect an open circuit. 

During a time equal to RC, the charge 

on the capacitor increases exponentially by 10 
percent of 100 volts, or 10 volts, making the 
total charge on the capacitor 60 volts. During 
the same time the drop across the resistor 
decreases exponentially by 10 volts to a value 
of 90 volts, leaving the sum of e r and e c still 
equal to the applied potential of 150 volts. 

At point D the applied voltage suddenly 
drops back to 50 volts. The capacitor, however, 
is charged to 60 volts. This would leave an 
output voltage (across R) of 10 volts negative 
with respect to ground— a condition that must 
be avoided. In order for the output to return 
to zero very quickly, the capacitor must 
discharge the extra 10 volts through a path 
having a very short RC time constant. 

In figure 16-18 the cathode of the diode is 
connected to the high side of R. and the plate 
is grounded. Any output voltage that is neg- 
ative with respect to ground makes the cathode 
negative with respect to the plate. Under this 
condition the diode conducts and becomes, in 
effect, a very low- resistance discharge path 
for the capacitor until the charge is again 
equal to the applied voltage and the output 
voltage returns to zero. At this time the diode 
becomes nonconducting. 

To illustrate the operation of the positive 
clamping circuit further, assume that the 
negative-going waveform shown in figure 16-19 
is applied to the input of the clamping circuit. 

Because at point A the input voltage is zero, 
the output voltage is zero and remains so until 
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Figure 16-19.— Negative-going input signal 
applied to positive clamping circuit. 

point B is reached. At this time the input 
voltage drops suddenly toward -100 volts at 
point C. Because the capacitor cannot change 
its charge instantaneously, the output voltage 
across R also drops suddenly toward -100 volts. 
When the cathode of the diode is sufficiently 
negative with respect to the plate, the tube 
conducts, charging the capacitor very rapidlv 
through the short RC time constant of the 
conducting diode capacitor and reducing the volt- 
age circuit across R to that across the con- 
ducting diode (almost zero). When the capacitor 
voltage becomes equal to the applied voltage, 
the diode becomes nonconducting. As long as 
the input remains at -100 volts, from point 
C to D, the output voltage remains at zero 
potential. 
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At point D the input voltage changes back 
to zero, a rise of 100 volts in the positive 
direction (-100 to 0). This rise produces a 
rise of 100 volts (0 to + 100) across R because 
the capacitor again cannot change its charge 
instantaneously. The capacitor must now dis- 
charge very slowly because the diode is non- 
conducting, and the high-resistance path through 
R must be utilized. 

Assuming again that the discharge time 

from points E to F is ^j-RC, the voltage across 

the capacitor at point F, and thus the output 
voltage, decreases to 90 volts because the 
input is zero. At point F the input signal again 
drops to -100 volts (point G). Instantaneously, 
the output across R goes to -10 volts (input 
minus e c ). The diode conducts quickly, returning 
the charge on the capacitor to 100 volts and the 
output to zero. The output voltage waveform 
is shown in the lower part of the figure. Note 
that no portion of the waveform is lost after 
the first cycle. The function of the clamping 
circuit is merely to shift the waveform from 
above to below the zero voltage reference 
level (ground). 

A negative clamping circuit and its associated 
waveforms are illustrated in figure 16-20. 
This diode clamping circuit is capable of causing 
the output voltage to vary between some neg- 
ative value (-100 v in this figure) and the zero 
reference voltage. The only difference between 
this circuit and the one illustrated in figure 16-18 
is in the manner in which the diode is connected. 
In figure 16-18, the plate is grounded and the 
tube conducts if the cathode is made negative 
with respect to the plate. In figure 16-20 the 
cathode is grounded, and the tube conducts 
whenever the plate voltage rises above ground. 

Grid Clamping 

Clamping may be performed at the grid of 
an ordinary triode or pentode as well as in a 
diode. Any element of an electron tube, if 
made positive with respect to the cathode, 
attracts electrons from it. On the other hand, 
any element made negative with respect to the 
cathode repels electrons and has no current 
flow. Thus, the grid of a tube, connected as 
shown in figure 16-21, acts as the plate of 
a diode circuit illustrated in figure 16-20. 
Any tendency of the grid to go positive causes 
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Figure 16-20. — Negative clamping circuit 
and voltage waveforms. 

grid current to flow, charging capacitor C quickly 
to the applied potential through the low- 
resistance conducting cathode- grid circuit. 

Clamping Above or Below Ground Potential 

Although the circuits previously discussed 
clamped one extreme of the input signal to zero 
potential, actual circuits need not be limited 
to this one reference potential. Figure 16-22 
illustrates the means of clamping the upper 
extreme of an input signal to -10 volt with 
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Figure 16-21.— Grid- clamping circuit. 
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Figure 16-22.— Clamping circuit that estab- 
lishes reference voltage of -10 volts. 



respect to ground. The same principle may be 
applied to clamp either voltage extreme to 
any reference potential. 

The circuit operates in the following manner: 
(1) From A to B the input is zero; and, because 
the output is connected across the 10- volt 
battery (through R), the output is negative 10 
volts with respect to ground. (2) At B the 
+ 50-volt positive pulse is applied to the input, 
and the voltage across R rises quickly toward 
60 volts. This action makes the plate positive 
with respect to the cathode, and the diode 
conducts, thus in effect shorting out R. The 
output potential falls to -10 volts with respect to 
ground as C charges quickly to 60 volts through 
the conducting diode. At D the input pulse is 
removed and C discharges through R, making 
the diode plate negative with respect to the 
cathode and removing the diode short circuit 
across R. This action causes the output voltage 
to go 50 volts more negative (from -10 to -60 
volts). From E to F the output voltage remains 
at approximately 50 volts below the 10- volt 
reference potential as C discharges slowly 
through R. At F the positive- going input pulse 
is reapplied; this voltage is bucked by the re- 
maining charge on C, but aided by the 10- volt 
battery, current flows upward through R, making 
the plate of the diode positive with respect to 
its cathode; current again flows through the 
diode, and shorts out R. The output potential 
is returned to -10 volts with respect to ground 
shortly after G. From G to H the output potential 
remains at -10 volts with respect to ground as 
the voltage across C increases quickly to 60 
volts, and the drop across R decreases to zero. 



Applications of Clamping Circuits 

In practice, clamping usually is encountered 
in sweep circuits. If the sweep voltage does not 
always start from the same reference point, the 
trace itself does not begin at the same point on 
the screen each time the cycle is repeated, and 
is therefore jittery or erratic. # If a clamping 
circuit is placed between the final sweep ampli- 
fier and the deflection element, the voltage from 
which the sweep signal starts can be regulated by 
adjusting the d-c voltage applied to the clamping 
circuit. 

One circuit that is typical of the clamping 
circuits used in cathode- ray oscilloscopes is 
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shown in figure 16-23. The beam of the cathode- 
ray tube, V3, is deflected by the push-pull saw- 
tooth voltages shown at 1 and 2. The beam 
therefore traces a bright line on the screen 
when it is moved from left to right at uniform 
speed, starting at point A. At the end of the 
sweep, the beam is moved very quickly from 
point B back to point A. The function of the 
clamping circuit is to force point A to remain 
at the same place on the screen even though 
amplitude variations may occur in the applied 
sawtooth wave. 

If diodes VI and V2 of figure 16-23 were 
not connected (tubes removed from sockets) and 
the B voltage adjusted (for example, to +50 volts) 
the average potential on plate Dl would be 50 



volts more positive than that of D2. This would 
cause the electron beam, and the spot on the 
screen, to be attracted to the left center of the 
screen in the absence of the sweep voltage. Thus, 
any variation in the amplitude of the sweep volt- 
ages would cause the beginning of the sweep 
(point A) to change position on the screen. 

Diodes VI and V2 are connected in the circuit 
in order to clamp the start of the sweep, (point A) 
in figure 16-23, to a fixed potential. The first 
cycle of the applied sawtooth voltage (which 
varies between +100 and +200 volts above ground) 
is shown before the diodes are connected so that 
the change brought about by the action of the 
diodes will be apparent. As may be seen in the 
figure, the voltage at the plate of Dl has an 
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Figure 16-23.— Clamping diodes employed in electro- static sweep systems. 
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average value of +150 volts with respect to 
ground, and the average charge on CI is zero. 

When the diodes are connected in the circuit, 
and the B voltage adjusted so that the cathode 
of VI is at +150 volts, any rise in the voltage at 
plate Dl above + 150 volts causes VI to conduct. 
This results from the fact that the plate of VI 
becomes positive with respect to its cathode 
as current flows upward through HI. When VI 
conducts, CI is rapidly charged through VI, and 
the voltage on plate Dl is held at +150 volts with 
respect to ground because the conducting diode, 
in effect, connects plate Dl to the positive 
terminal of the B supply. When the peak input 
voltage is +200 volts, CI charges rapidly to 
200- 150 or 50 volts through the short RC time 
constant circuit composed of VI and CI. 

When the input voltage stops rising and starts 
to decrease, CI stops charging and starts to 
discharge through Rl. This action makes the 
plate of VI negative with respect to the VI 
cathode, and conduction ceases. The short cir- 
cuit is removed from Rl, and the output voltage, 
e dl» decreases with the decrease in input volt- 
age. The decrease in input voltage appears 
across Rl. The output voltage is equal to 150 
-e r i. It is also equal to ein -50. 

For example, when the input voltage falls 
from 200 volts to 175 volts, edl falls from 200 
-50 = 150 volts to 175- 50 = 125 volts. When the 
input falls to 150 volts, edl falls to 150 - 50 = 100 
volts; and when the input falls to 100 volts, edl 
falls to 100- 50 = 50 volts. At this instant the 
input voltage suddenly increases to +200 volts. 
If the voltage on CI is 50 volts, no current will 
flow through Rl. However, if ej n exceeds + 200 
volts, current will flow upward through Rl to 
increase the charge on CI; VI will conduct and 
edl will be clamped to 150 volts. Thus, if the 
input voltage rises to 201 volts, the voltage 
across CI will increase to 201 - 150, or 51 volts. 

The small amount of charge that leaks off 
CI during the sweep time is replenished at the 
start of each successive sweep through the VI 
diode. The replenishment of the charge through 
VI holds the start of the sweep at + 150 volts. 
Thus, variations in the amplitude of the sweep 
voltage can affect only the length of the sweep 
while the starting point is held fixed. 

In a similar manner the average voltage to 
which C2 is charged is changed from zero to 
+50 volts by the action of diode V2. Thus, the 
starting potential of each sweep on plate D2 is 



clamped to ground potential. The input voltage 
in this case varies between +50 volts and -50 
volts. The action of V2 is to charge C2, thus 
shifting the sweep voltage +50 volts so that the 
D2 plate voltage varies between 50 +50, or 100 
volts; and 50- 50, or 0 volts. 

Note that the difference between the AVER- 
AGE potential on Dl, before and after VI is con- 
nected, is 50 volts; and the difference between 
the average potential on D2, before and after V2 
is connected, is also 50 volts; therefore the 
centering effect is the same with or without the 
diodes, but the B voltage in the cathode circuit 
of VI must be higher (+150 volts instead of +50 
volts) in the case when the clamping tubes are 
used. 

PHASE SHIFTER 

Phase shifters are known also as phase 
splitters and phase inverters. They are used 
in oscilloscopes to provide from a single source 
two voltages that are 180° out of phase in order 
to provide a push-pull output from the horizontal 
amplifier stage. This type of circuit, together 
with some of its other uses, is treated in 
chapter 6. 

COUNTING CIRCUITS 

Pulses or oscillations may be counted elec- 
tronically. If the impulses that are to be 
counted have the same average amplitude, a 
counting circuit produces an output voltage 
proportional to the pulse repetition frequency 
of the input signal. Variations in amplitude of 
the input signal will affect the output voltage 
unless all variables except the pulse repetition 
frequency are eliminated. These variables are 
eliminated by shaping and limiting circuits. 

Basic counting circuits may be modified for 
use with a blocking oscillator to produce trigger 
pulses, wtyich are submultiples of the pulse 
repetition input frequency. The counting circuit 
may be connected to count either positive or 
negative pulses; both types of circuits are shown 
in figure 16-24. 

When a positive pulse is applied to the input 
of the positive counting circuit (fig. 16-24. A), 
V2 conducts because its plate is made positive 
with respect to its cathode. When CI charges 
up to the source voltage, V2, conduction stops. 
When the positive input pulse stops, the plate 
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Figure 16-24. — Positive and negative counting 
circuits. 



of VI is then positive with respect to the 
cathode, and VI conducts, which discharges 
CI to ground. This cycle is repeated each 
time a positive pulse is applied to the input 
terminals. Each time V2 conducts electrons 
will flow through R and produce a voltage drop 
across its terminals that has the polarity 
shown. 

The average current through R increases 
or decreases as the pulse repetition frequency 
(PRF) increases or decreases. The variation 
in the voltage drop across R, due to changes in 
current, may be smoothed out by a conventional 
RC filter and used to control an amplifier, as 
shown in figure 16-24, B. The filtered counting 
circuit output is applied to the grid-cathode 
of V3, and the average plate current of V3 is 
indicated by the meter, M. Thus meter current 
indications can be considered a measure of the 
input, PRF. 

Negative input pulses may be counted by 
reversing the diode connections, as shown in 
figure 16-24. C. The circuit operation is 
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Figure 16-25.— Step-by- step counting. 



similar to the positive counting circuit action, 
except that V2 conducts when negative pulses 
are applied. An increase in PRF will cause 
the average current through the meter to de- 
crease so that the meter indication is opposite 
to that of a positive counting circuit. 

It is often desirable to have a counting 
circuit that will count a specific number of 
pulses and then trigger another circuit. A 
suitable circuit, similar to the positive counting 
circuit, is shown in figure 16-25, A. 

For step counting, the load resistor of the 
positive counting circuit is replaced by capac- 
itor C2. This capacity is relatively large in 
comparison to the capacity of CI. Each time 
V2 conducts, the charge on C2 is increased 
slightly as shown in figure 16-25, B. The steps 
are not the same height, and they decrease in 
height exponentially with time as the voltage 
across C2 approaches the final value. 
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As long as there is no discharge path for 
C2, the voltage across its terminals increases 
with each successive step until it is equal in 
amplitude to the applied pulse. When this con- 
dition is reached, V2 will no longer conduct 
because its plate and cathode are at the same 
potential. The voltage across C2 might be 
applied to a grid-controlled thyratron to cause 
the tube to conduct (fire) when the required 
number of pulses has been counted. The firing 
of the thyratron would discharge C2, and the 
counting cycle would start all over again. 

The circuit in figure 16-25, C, may be used 
as a frequency divider. When used in this man- 
ner, V3 is used as a single-swing blocking 
oscillator that is triggered when the voltage 
across C2 becomes great enough to cause the 
tube to conduct. At other times, the tube is 
cut off by the bias voltage developed in the 
section of R that is between ground and the 
slider. 

In operation, as soon as the charge on C2 
is great enough to overcome the bias voltage, 
the grid of V3 swings positive with respect to 
its cathode, and the heavy grid current quickly 
discharges C2. A positive pulse at the output 
will appear as a submultiple of the input PRF. 

The submultiple number is determined by 
the setting of R, which sets the bias voltage 
of V3 and thereby selects the number of pulses 
that must be applied to the input before V3 will 
conduct. For example, a PRF of 1000 cps may 
be fed to the input of the counting circuit. The 
bias on V3 is adjusted so that the voltage built 
up on C2 will overcome the bias voltage every 
fourth step. Therefore, the rise in voltage on 
the capacitor triggers the oscillator and the 



current flow through the oscillator then dis- 
charges the capacitor. The oscillator output 
pulse frequency would then be one-fourth the 
input frequency, or 250 cps. 

CONNECTING CIRCUITS 

Connecting circuits are used to connect one 
circuit to another in such a way that minimum 
interference between the circuits will result. 
They are also used to enable a maximum trans- 
fer of energy or to accomplish some other 
desired result as described below. 

CATHODE FOLLOWER 

The cathode follower is a degenerative 
electron-tube circuit in which the inverse feed- 
back is obtained by way of an unbypassed cathode 
resistor across which the output is taken. It is 
used to prevent interference between two cir- 
cuits and as such becomes a ' 'buffer M stage. 
These circuits are widely used as impedance- 
matching devices. Cathode followers are treated 
in chapter 6. 

ELECTRONIC SWITCH 

The electronic switch is used to close, open, 
or change the operation of an electronic circuit. 
The electronic switch is very sensitive and is 
fast in operation. Thus, it can alternately 
connect one circuit to an oscilloscope, dis- 
connect this circuit, and then connect a second 
circuit fast enough to present both waveforms 
simultaneously for a comparative study. This 
subject is covered in chapter 17. 
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CHAPTER 17 

ELECTRONIC TEST EQUIPMENT 



CATHODE-RAY OSCILLOSCOPE 

CATHODE-RAY TUBE 

The cathode- ray tube (CRT) is a special 
type of vacuum tube in which electrons emitted 
from the cathode are shaped into a narrow beam 
and accelerated to a high velocity before striking 
a phosphor- coated viewing screen. The screen 
fluoresces or glows at the point where the elec- 
tron beam strikes and thus provides visual wave- 
forms of current and voltage. The CATHODE- 
RAY OSCILLOSCOPE is a test instrument 
which uses the cathode- ray tube. The waveforms 
can be positioned on the screen so they appear 
stationary because the electron beam repeatedly 
reproduces the pattern in the same location, 
provided the horizontal motion of the electron 
beam is kept in step with the frequency of the 
signal. 

The comparison is made against waveforms 
located on the schematic diagrams. Scope pat- 
terns periodically taken at the test points are 
compared with these waveforms. Differences 
between the optimum waveform and the scope 
pattern indicate that corrective action is needed. 
By using the oscilloscope in this manner, dif- 
ficulties may be pin-pointed to a specific cir- 
cuit or portion of a circuit in a short time. 

The tube is also used as the visual indicating 
device for radar, sonar, radio, directionfinders, 
loran, and television. 

The beam of electrons has practically no 
weight or inertia but follows a straight line 
unless diverted by an electric or a magnetic 
field. Cathode- ray tubes are of two types 
according to the method of deflecting the electron 
beam— (1) electrostatic, and (2) electromagne- 
tic. Almost all types of test- instrument oscil- 
loscopes use the electrostatic type of CRT be- 
cause of the need for high sweep frequencies in 
both the vertical and horizontal directions. Cer- 
tain radar, sonar, and TV sets use electromag- 
netic type CRT's. Focusing or narrowing of the 



beam is achieved by either electrostatic or elec- 
tromagnetic methods. Electrostatic deflection 
bends the beam by an electric field produced by 
a deflection voltage between parallel plates in- 
side the CRT. Electromagnetic reflection bends 
the beam by means of a magnetic field produced 
by a deflection current in a coil around the neck 
of the tube. 

An electrostatic type of CRT is illustrated 
in figure 17-1. The cathode, when heated by 
its enclosed filament, releases free electrons. 
A cylindrical grid surrounds the cathode and 
controls the beam intensity as electrons pass 
through the end opening of the grid. The 
control is achieved by varying the negative 
voltage on the grid and is called INTENSITY 
or BRIGHTNESS CONTROL. After leaving the 
grid, the electron stream passes through two or 
more cylindrical focusing anodes which narrows 
the beam. The first anode concentrates the free 
electrons and the second anode increases their 
speed. The entire assembly is called the 
ELECTRON GUN. The electrons emerge from 
the electron gun at high speed. 
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Figure 17-1. — Construction of cathode- ray tube 
using electrostatic deflection and focusing. 

The grid helps to narrow the beam but cannot 
focus it to a sharp point on the viewing screen. 
The two anodes aid in the focusing action, as 
shown in figure 17-2. 

Both cylindrical anodes are positive with 
respect to the cathode but the second anode is 
positive with respect to the first anode. Thus, 
an electric field is established between the 
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Figure 17-2.— Electrostatic focusing. 

anodes as shown in figure 17-2. The electrons 
which are emitted from the cathode are attracted 
by the first anode. Some of the electrons pass 
through the hole in the end of the first anode 
and into the field between the two anodes. 
The purpose of the diaphragm is to prevent 
all electrons except those making a small 
angle with the axis of the beam from passing 
through the hole in the diaphragm. This serves 
to keep the beam narrow. The electrons entering 
the curved electric field between the anodes 
are subjected to inward- directed forces thereby 
focusing the beam. As the beam passes parallel 
to the lines of force, the electrons are ac- 
celerated to a very high speed. Thus, the 
net result of the forces influencing the beam 
of electrons is a high speed inward-directed 
beam converging at point S on the screen. The 
repelling force of like charges tends to scat- 
ter the electrons but they are accelerated to 
such a high speed that the scattering action 
is not effective in defocusing the beam. Never- 
theless the mutual repulsion between electrons 
in relation to the speed of the electrons deter- 
mines the sharpness with which a beam may be 
focused on the screen. The diaphragm on the 
accelerating anode is used to stop all wide 
angle electrons from hitting the screen. 

The focus of the electrostatic type of 
cathode- ray tube is generally controlled by 
varying the voltage between the first anode and 
the cathode. This voltage varies the force 
exerted on the electrons and tends to narrow the 
beam. Thus, if the screen is observed when the 
first anode voltage is varied, the beam may be 
brought to a bright sharp spot. 

Focusing in an electromagnetic cathode- ray 
tube is achieved by a coil encircling the outside 
neck of the tube. The coil may be moved 
along the neck to a limited extend to initially 
focus the beam, but the usual method, after 



the focus coil is in the proper position, is to 
vary the current flowing through the coil with a 
variable resistor. The term "focus control" 
is derived from this function. 

Without lateral deflection, the electron gun 
produces only a small spot of light on the 
viewing screen. With deflection, the trace of 
the spot forms a line on the screen. The 
electrostatic- type of cathode-ray tube uses 
two pairs of deflection plates mounted at right 
angles to each other, as shown in figure 17-3. 
The vertical deflection plates ( YY r ) deflect the 
beam vertically and the horizontal deflection 
plates (XX*) deflect it horizontally. Both pairs 
usually function simultaneously. The beam is 
attracted by the positive plate and repelled by 
the negative plate as the electrons pass between 
them. One plate of each pair may be grounded. 
To deflect the beam, a positive or negative 
voltage is applied between the other plate and 
ground, thus establishing an electric field be- 
tween the plates. The deflecting force varies 
with the deflection voltage across the plates and 
with the field intensity. 
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Figure 17-3.— Deflecting plates for electro- 
static cathode- ray tube. 

If plate Y is positive with respect to Y 1 the 
beam is deflected upward, striking the screen 
at A. If plate Y is negative with respect to Y* 
the beam is deflected downward, striking the 
screen at B. If there is no deflection voltage 
across the plates, the beam will strike the 
screen at 0. The amount of deflection varies with 
the deflection voltage across the plates. Note 
the relationship between length of line and volt- 
age. This characteristic makes it practical for 
a scope to serve as a voltmeter because the 
length of line (so produced) is a measure of the 
applied voltage. 
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Another practical use of the scope is for 
determining polarity. Again refer to figure 
17-3. If plate X is positive with respect to X' 
the beam will be deflected horizontally, and will 
strike the screen at C. If X is negative with 
respect to X' the beam will strike the screen 
at D. Both pairs of plates are mounted near the 
output end of the electron gun, with the vertical 
deflection plates farthest from the screen. 
Two centering controls (horizontal and vertical) 
enable the operator to move the spot as he 
desires, to any place on the screen. Each con- 
trol customarily consists of a variable resistor 
that serves as a voltage divider to enable the 
centering action. 

The deflection angle of the electron beam is 
the total angle through which the beam may be 
moved or diverted. A cathode- ray tube with a 
50° deflection angle can deflect the beam at any 
angle that equals ( or is less than) 25° from the 
center line. 

The length of time that the screen glows, or 
flouresces, at the point where the electron beam 
strikes depends on the material of the phosphor 
coating on the screen, and is known as SCREEN 
PERSISTENCE. Some cathode-ray tubes have a 
long persistence screen and others have a short 
one, depending on their use. The screen 
phosphors are designated by the letter "P" 
followed by a number. Most radar indicator 
cathode- ray tubes employ PI, P4, or P7 screen 
phosphors. The PI and P4 phosphors have 
medium persistence and give off green and 
white light respectively. The P7 screen has 
long persistence and gives off yellow light. 

All flourescent materials have some phos- 
phorescence, or afterglow, but the duration 
of the afterglow varies with the material, as 
well as with the amount of energy in the beam 
causing the emission of light. For oscilloscopes 
that are to be used for observing nonrepeating 
phenomena or periodic phenomena that occur at 
a low repetition ratio, a screen material on 
which the image will linger is desirable. Where 
the image changes rapidly, prolonged afterglow 
is a disadvantage, because it may cause con- 
fusion on the screen. 

The eye retains an image for about one- 
sixteenth of a second. Thus in a motion picture, 
the illusion of motion is created by a series of 
still pictures flashed on the screen so rapidly 
that the eye cannot follow them as separate 
pictures. In the cathode-ray tube the beam is 



repeatedly swept across the screen and the 
series of adjacent spots appear as a continuous 
line. Thus the wave shape of an a-c voltage 
can be observed on the screen when the a-c 
voltage is applied to one pair of deflection 
plates and simultaneously a second voltage of 
appropriate characteristics is applied to the 
other pair of plates. 

The conventional way of representing volt- 
age or current of sine waveform is shown in 
figure 17-4,A. The voltage to be observed is 
applied across the vertical deflection plates 
and simultaneously a saw-tooth voltage is ap- 
plied across the horizontal deflection plates. 
The saw-tooth voltage moves the beam from left 
to right at constant speed to form the time 
scale along OX; then it returns the beam rapidly 
to the starting position at the left and repeats 
the operation. The saw-tooth voltage is so 
named because when plotted against time it 
resembles a saw-tooth, as shown in figure 17-4, 
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Figure 17-4.— Sine-wave and saw-tooth 
voltage waveforms. 
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B. As the voltage increases from A to B the 
beam is swept from 0 to 12 (fig. 17-4, A). As the 
voltage falls from B to C in figure 17-4,B, the 
beam is quickly returned to its starting position 
and the process is repeated. 

If an a- c voltage of sine waveform is placed 
across the vertical deflection plates with no 
horizontal deflection, a single vertical line 
appears on the screen. The varying rate of 
change of the voltage is hidden because the 
vertical movements retrace themselves repeat- 
edly on the same vertical line. Similarly, if 
a sweep voltage of saw-tooth waveform is ap- 
plied to the horizontal deflection plate in the 
absence of vertical deflection, a horizontal 
line is formed and the rate of change of the 
voltage is obscured. However, when both volt- 
ages are introduced at the same time, the 
vertical motion of the beam is spread out 
across the screen to form a sine curve, like 
that shown in figure 17-4, A. 

OSCILLOSCOPE CIRCUITS 

A block diagram of a cathode- ray oscilloscope 
is shown in figure 17-5. The horizontal deflec- 
tion amplifier is a high-gain R-C coupled class- A 
wide-band voltage amplifier that increases the 
amplitude of the horizontal input voltage and 
applies it to the horizontal deflection plates. 
The sweep generator supplies a saw-tooth volt- 
age to the input of the horizontal amplifier 
through a switch that provides an optional ex- 
ternal connection. The vertical deflection am- 
plifier increases the amplitude of the vertical 
input voltage before applying it to the vertical 
deflection plates. The input to the vertical am- 
plifier appears in magnified form on the view- 
ing screen as a graph of the current or volt- 
age waveform being examined. A rear terminal 
block provides direct electrical connections to 
the deflection plates. The direct connections are 
used, for example, when examining d-c poten- 
tials, or high-frequency signals that would be 
attenuated excessively by the amplifier circuits. 
The power supply provides all d-c voltages for 
the tubes, including a high d-c potential for the 
cathode- ray tube. 

A schematic diagram of an elementary 
cathode ray oscilloscope is shown in figure 17-6. 
The cathode- ray tube employs electrostatic 
focusing and deflection. VI is the vertical am- 
plifier, V2 is the horizontal amplifier, and V3 the 
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Figure 17-5.— Block diagram of a cathode-ray 
oscilloscope. 

sweep generator. Rl is a manual vertical gain 
control, R2 is a manual horizontal gain control, 
S3 is the coarse frequency adjustment for V3, 
and RIO is the fine frequency adjustment. An 
external synchronizing signal may be applied 
from an external source to the grid of V3 when 
S2 is in the EXT. SYNC, position. The synchro- 
nizing signal is obtained from the plate of VI 
when S2 is in the INT. SYNC, position. R3 pro- 
vides manual control of the sync signal ampli- 
tude. 

The low voltage power supply includes a 
conventional full wave rectifier, V4; secondary 
windings L4, L5, and L6 of the power supply 
transformer; and the pi-filter (C17, L3, and 
C18). The cathode of V4 ispositive with respect 
to ground. The output voltage (400 volts) is 
applied to the plate circuits of VI, V2, and V3. 
The voltage divider (R14, R15, and R19) is con- 
nected across the output of V4 and supplies + 170 
volts to the left side of the centering controls 
(R17 and R18). 

The high voltage power supply includes V5 
and secondary windings L6, L7, and L8 of the 
power supply transformer. The output voltage 
of V5 is negative with respect to ground and is 
applied across the voltage divider (R20, R21, 
R22, and R24). C19 filters the output voltage. 
The tap between R20 and R21 supplies -170 
volts to the right side of R17 and R18. Since 
-170 volts and +170 volts are applied respec- 
tively to the right side and the left side of R17 
and R18,the exact electrical centers of the two 
potentiometers are at ground potential or zero 
volts. 

R17 and R18 are positioning controls that 
provide manual adjustment of the low d-c volt- 
ages that may be applied across the two pairs of 
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Figure 17-6.— Schematic diagram of an elementary cathode-ray oscilloscope. 



deflection plates. The spot is approximately 
centered on the screen when the contact arms 
of R17andR18 are positioned on their electrical 
centers thus applying ground potential to their 
respective deflection plates. Moving the contact 
arm of R17 to the right makes one vertical plate 
more negative and thus repels the beam and 
moves the spot vertically a certain distance on 
on the screen. Conversely moving the contact 
arm of R17 to the left of the zero position makes 
the vertical plate more positive, and thus attracts 
the beam and moves the spot in the opposite 
direction. 

The cathode of the cathode- ray tube is con- 
nected at -1,000 volts with respect to ground. 
The second anode in the cathode- ray tube is 
grounded, and the first anode is negative with 
respect to the second anode, but both anodes are 
positive with respect to the cathode. This ar- 
rangement provides the necessary focusing and 
accelerating voltages for the electrons in the 



beam to form a bright spot on the screen, and at 
the same time prevents defocusing the spot by 
holding the average voltage across the deflection 
plates close to the potential of the second anode. 
The arrangement also introduces a safety factor 
by removing high voltage from the deflection 
plates and the associated input terminals on the 
rear panel. 

Capacitors CI, C2, and C3 block any external 
d-c voltage components from the grids of VI, 
V2, and V3. Similarly, capacitors C7 and C8 
block the d-c components of plate voltage from 
the cathode-ray tube deflection plates and at the 
same time couple the a-c components to them. 
C9 couples a blanking pulse to the grid of the 
cathode-ray tube, which blanks out the return 
trace of the sweep generator. During the time 
the sweep voltage rises in a positive direction, 
C9 charges at a constant rate through R24 and 
the C-R tube bias is reduced accordingly. As 
the sweep voltage suddenly falls and snaps the 
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electron beam back to the left side of the screen, 
C9 rapidly discharges through R23, driving the 
cathode more positive, and biases the C-R tube 
below cutoff so that the return trace is invisible. 

The synchronizing voltage applied to the grid 
of V3 stabilizes the screen pattern, as described 
in chapter 8. 

APPLICATIONS 

The cathode- ray oscilloscope is generally 
used to observe voltage waveforms in testing 
electrical circuits. The electrostatic cathode- 
ray tube employs voltage sources rather than 
current, to deflect the electron beam. For this 
reason the electrostatic type of cathode -ray tube 
is used in test oscilloscopes. The electromag- 
netic cathode-ray tube is a current-operated 
device. It is used in certain applications other 
than general testing, where its properties make 
it more suitable than the electrostatic tube. 

To obtain an accurate representation of the 
voltage waveform, a few precautions must be 
observed. For the protection of both the opera- 
tor and the oscilloscope, the approximate mag- 
nitude of the voltages in the circuit under test 
must be known. Dependable data can be obtained 
from the oscilloscope only if its sensitivity and 
its frequency characteristics are known. To 
make certain that the waveform will not be dis- 
torted, it is essential to understand how and why 
distortion takes place and that precautions be 
taken to minimize it. 

The input to most oscilloscopes is between 
an input terminal and ground. The input terminal 
is coupled to the amplifier grid through a capaci- 
tor whose voltage rating rarely exceeds 450 
volts. Therefore, unless the approximate mag- 
nitude of the voltage under test is known, damage 
to the oscilloscope through breakdown of the 
input capacitor may occur. 

In some cases it may be necessary to observe 
waveforms in circuits where the voltage is much 
greater than that which the components within the 
oscilloscope can withstand. An external voltage 
divider may be used in such instances to reduce 
the voltage to a value that will not damage the 
equipment. In any case it is important that the 
oscilloscope be adequately grounded— a pre- 
caution that must be taken for the protection of 
the operator, because a failure of some part of 
the voltage divider can raise the potential of 



the whole oscilloscope to a dangerous level if 
the case is not solidly connected to ground. 

If a capacitance voltage divider is used, a 
wise precaution is to shunt each capacitor with 
a high resistance to maintain the proper voltage 
distribution across each capacitor. 

The range of sweep frequencies in a given 
oscilloscope is usually indicated on the control 
panel. The sweep frequency generator in this 
example,— the Model OS-8C/U scope has a fre- 
quency range of 3 to 50,000 cps, as indicated on 
the dial for the switch that controls the coarse 
horizontal frequency. The frequency range that 
the vertical and horizontal amplifiers are ca- 
pable of amplifying properly is given in the 
applicable manufacturer's instruction book. In 
this example, the vertical amplifier has a band- 
width of from 30 cps to 2 mc and the horizontal 
amplifier has a bandwidth of from 25 cps to 
100,000 cps. Generally, only the best oscillo- 
scopes use amplifiers that will amplify voltages 
whose frequency is below 30 cps or above 
100,000 cps. Oscilloscopes that do not cover 
as wide a range of frequencies as the one shown 
in figure 16-7 may be satisfactory for most uses, 
but distortion is likely to occur when saw-tooth 
or rectangular waveforms of a high recurrence 
rate are investigated. 

The deflection sensitivity may be expressed 
as the distance in millimeters that the spot is 
moved on the screen when 1 volt is applied across 
a pair of deflection plates. The deflection sensi- 
tivity of the vertical deflection plates in the 
oscilloscope shown in figure 17-7 is 0.528 milli- 
meters per volt. Expressed in volts per inch of 

25 4 

deflection, the deflection becomes - ' Q , or 48 

volts per inch. The deflection sensitivity of the 
horizontal plates in this example is 0.379 milli- 
meters per volt, or 67 volts per inch. 

The deflection sensitivity may also be ex- 
pressed as the input voltage to the amplifier 
(horizontal or vertical) for a deflection of 1 inch 
of the spot on the screen. In this case the ampli- 
fier gain control is adjusted to a suitable value 
that is arbitrary (for example, mid scale). In 
the example of figure 17-7, both the horizontal 
and vertical deflection sensitivity are 0.1 volt 
rms for 1 inch peak-to-peak deflection. 

To avoid pick-up of stray signals the leads 
from the circuit under test should be as short 
as possible, and they should be shielded. The 
cathode- ray tube itself is shielded by the aquadag 
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Figure 17-7.-Oscilloscope controls and input connections of the OS-8C/U oscilloscope. 



coating on the inside of the tube and a metal 
shield on the outside. A common side of the 
oscilloscope circuits is grounded and should be 
connected to a ground point in the circuit under 
test and to a good external ground connection. 

Several causes of distortion ai*e possible in 
the production of a cathode- ray tube display. 
Some of these causes are: 

1. exceeding the bandwidth limitation of the 
deflection amplifiers; 

2. a defective sweep generator; 

3. excessive fly-back time; 

4. excessive synchronizing voltage; 

5. oscilloscope loading of a high impedance 
test circuit; 



6. oscilloscope capacitance shunting of video 
amplifier test circuit; 

7. use of a variety of oscilloscopes and test 
leads on one equipment; and 

8. improper shielding of test leads. 

SYNCHROSCOPE 

COMPONENTS 

A synchroscope is an improved type of 
cathode- ray oscilloscope with its horizontal 
sweep inoperative until initiated by a signal- 
burst, or pulse, from a trigger circuit. Oscillo- 
scope AN/URM-24 is a representative, portable. 
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field-type synchroscope used in bench- testing of 
radar and communication equipment. The sweep 
is arranged so that the electron beam rests with 
zero intensity at one side of the tube until the 
receipt of a trigger pulse, at which time the 
sweep begins and the beam is intensified by a 
square wave applied to the control grid. After 
passing across the tube the electron beam is re- 
duced in intensity and quickly returned to the 
origin where it remains at zero intensity until 
the next trigger pulse. 

A block diagram of a simplified synchroscope 
is shown in figure 17-8. A signal pulse triggers 
the sweep circuit, which has a saw-tooth wave- 
form in which the time of one sweep is small 
compared with the time between successive 
sweeps. An alternate method of triggering the 
sweep is by a separate timing generator (not 
shown in the figure). In either case the sweep 
is initiated before the signal pulse reaches the 
deflection plates. The delay circuit permits the 
sweep circuit to be initiated before the applica- 
tion of the pulse to the vertical plates. This 
action causes the entire pulse, including the 
leading edge, to appear on the screen. 
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Figure 17-8.— Block diagram of a simplified 
synchroscope. 



Synchroscopes have several calibrated 
sweeps, for example, the sweep may be 50 
microseconds, 200 microseconds, or 1,000 
microseconds in length. Such instruments are 
useful in observing the waveform of very short 
pulses like those from a radar equipment, or 
in observing the time interval between pulses 
and the duration of a pulse. With a suitable r-f 
coupling device and demodulator, a synchro- 
scope can be used to observe the standing- wave 
ratio in a waveguide between a radar trans- 
mitter and antenna in tuning and checking the 
equipment for optimum performance. 



ELECTRONIC SWITCHING 

Occasions arise for simultaneously display- 
ing the behavior of a pair of waveforms. An 
example of this need is for comparison of signal 
performances within stages of an amplifier. 
This may be done with a pair of scopes. How- 
ever with the use of an electronic switch the 
two waveforms can be displayed simultaneously 
on the same screen. 

An electronic switch is a device that utilizes 
the properties of gas-filled or high- vacuum tubes 
for rapidly closing, opening, or changing the 
operation of an electronic circuit. It may be used 
to GATE an amplifier circuit; that is, to cause 
it to function during a given period of time and 
to prevent it from functioning at other times. 
The on-and-off periods of operation may be the 
same or they may be different, depending on the 
operating requirements. 



MULTIVIBRATOR USED AS 
ELECTRONIC SWITCH 

Electronic Switch TS-433B/U is a portable 
instrument that permits simultaneous observa- 
tion of two recurrent patterns on a cathode- ray. 
oscilloscope. It contains a multivibrator with 
amplifier whose simplified circuits may be com- 
pared with figure 17-9, A. A square wave voltage 
of variable frequency and amplitude is available 
for use as a test signal in studying the trans- 
mission characteristics of vacuum-tube ampli- 
fiers and other circuits. 

A multivibrator may be used as in figure 
17-9, A, to cut an amplifier tube, VI, on and off 
at the multivibrator frequency. The waveforms 
shown in figure 17-9,B, indicate the manner in 
which VI is gated. The multivibrator output, 
ek, composed of essentially square waves, is 
developed across the cathode resistor of V3. 
Tube V3 conducts periodically and develops a 
positive gate voltage, ek, between the cathode 
and ground of VI. The gate voltage cuts off 
VI during the time V3 conducts. If the input 
to VI is a series of regularly spaced positive 
voltage spikes, as shown in figure 17-9,B, the 
gate voltage will permit two pulses to pass 
through VI and will block off two pulses. If the 
gate voltage existed for a longer period, three 
or more pulses could be passed and an equal 
number suppressed. 
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Figure 17-9. — Multivibrator electronic switch 
used to provide a gate voltage, and wave- 
forms. 



The switching action of a multivibrator may 
also be used to show, for purposes of compari- 
son, two or more signals on a cathode- ray 
oscilloscope apparently at the same time. Al- 
though the signals are not actually present at 
the same time, they appear to be so because of 
persistance of vision of the human eye as well 
as persistence of the CRT screen. 

An arrangement for presenting two signals 
at the same time is shown in figure 17- 10. Tubes 
VI and V2 with their associated circuits make up 
a conventional multivibrator. Tubes V3 and V4 
are distinct amplifier stages having a separate 
input and a common output via C 5 to the vertical 
deflection plates of an oscilloscope. 






C3 

^OUTPUT 
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Figure 17-10. — Multivibrator electronic switch 
for use with a cathode- ray oscilloscope. 

The circuit operates as follows: In order 
that the signal will be stationary on the oscillo- 
scope, assume that input signals A and B have 
the same frequency, and that input signal A is 
used to synchronize the multivibrator. When 
VI conducts, V3 is cut off, and the amplified 
signal from V4 appears on the oscilloscope. 
When V2 conducts, V4 is cut off, and the ampli- 
fied signal from V3 appears on the oscilloscope. 
It is assumed that the time of one positive pulse 
from the multivibrator is equal to that of one 
or more periods of input signal A. 

By connecting the output of the electronic 
switch to the vertical amplifier on the oscillo- 
scope and by proper adjustment of the level 
controls on the electronic switch (not shown in 
the figure) the two signals are made to appear 
on the same horizontal axis on the oscilloscope 
screen. By adjusting the external synchronizing 
signal control on the oscilloscope the two signals 
are made to start at the same point on the hori- 
zontal axis. The external synchronizing signal 
may originate with either signal A or signal B. 

ELECTRON-RAY TUBES 

The electron- ray tube is used as a signal 
indicator in electronic test equipment such as 
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capacity checkers and signal tracers. It is also 
used as a tuning indicator in radio receivers. 

The electron- ray tube, or MAGIC EYE, con- 
tains two sets of elements, one of which is a 
triode amplifier and the other a cathode-ray 
indicator. The plate of the triode section is in- 
ternally connected to the ray- control electrode 
(fig. 17- 11, A) so that as plate voltage varies with 
the applied signal, the voltage on the ray- control 
electrode also varies. The ray- control elec- 
trode is a flat, metal strip so placed relative to 
the cathode that it deflects some of the electrons 
emitted from the cathode. The electrons that 
strike the anode, or target, cause it to fluoresce, 
or give off light. The deflection caused by the 
ray-control electrode prevents electrons from 
striking part of the target; thus a wedge-shaped 
shadow is produced on the target. The size of 
this shadow is determined by the voltage on the 
ray-control electrode. When this electrode is at 
approximately the same potential as the fluores- 
cent anode, the shadow disappears. 
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Figure 17-11.— Electron-ray tube. 



If the ray-control electrode is less positive 
than the anode, a shadow appears, the width of 
which is dependent upon the voltage on the ray- 
control electrode. If the tube is calibrated, it 
may be used as a voltmeter when rough measure- 
ments will suffice. However, the principal uses 
of the magic-eye tube are as a tuning indicator, 
in receiving sets and as a balance indicator in 
bridge circuits. 

Analysis of Tube Action 

The width of the shadow angle depends upon 
the relation of the voltage between the ray- control 
electrode and ground compared to the voltage 
between a point on the electric field gradient 
and ground in the vicinity of the ray- control 
electrode, as indicated in figure 17-12. A. 
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Figure 17-12.— Analysis of magic-eye 
tube action. 

With no signal applied to the grid of the triode 
section, plate current is 240 /*a (fig. 17-12,B). 
The voltage on the ray- control electrode is 
equal to the plate supply voltage less the drop 
through the 1-megohn resistor, or 250 -240 =10 
volts. The electric field gradient is assumed to 
vary as a straight line starting at the cathode 
with zero potential and terminating at the anode 
with a potential of +250 volts with respect to the 
cathode. A point on the electric field gradient 
in the vicinity of the ray-control electrode has 
a potential of +50 volts with respect to ground. 
Thus the ray- control electrode is negative with 
respect to the field at this point by an amount 
equal to -(50-10), or -40 volts. Hie negative 
charge repels electrons and the shadow angle is 
established. 

In figure 17-12.C, a 5-volt signal is devel- 
oped between grid and ground of the triode sec- 
tion of the magic-eye tube. The plate current is 
reduced to 200 ^a and the potential of the ray- 
control electrode is equal to 250-200, or +50 
volts with respect to ground. Since the potential 
of a point on the electric field gradient in the 
immediate vicinity of the ray-control electrode 
is also +50 volts with respect to ground, there 
is no difference in potential between the control 
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electrode and the field. Thus, the control elec- 
trode does not repel electrons and the shadow 
angle closes, indicating the signal voltage applied 
to the triode grid. 

ABSORPTION WAVE METER 

The names, wave meter, frequency meter, 
and echo box, are used for a device that is a 
calibrated electric resonator, the resonant fre- 
quency of which can be adjusted to known values. 
Each is used to measure either the wavelength, 
or the frequency of a radio wave or electric 
oscillation. When calibrated in units of centi- 
meters or meters, the device is designated as 
a wave meter. Calibration such as this is con- 
venient when a system of Lecher wires (see 
ch. 12) is used for the calibrating source. The 
modern trend is to calibrate the device in units 
of cycles-per-second and designate it as a fre- 
quency meter. 

Test Set TS-480/U is designated as a port- 
able frequency meter and is used to measure 
frequencies from 0.5 mc to 150 mc. It may also 
be used in neutralizing amplifiers, indicating 
stray r-f fields, and determining harmonic and 
parasitic oscillations. The electrical circuit 
of this tester is the simple series' arrangement 
of B, C, and L shown in figure 17-13. A set of 
five detachable coils permits the selection of 
the correct inductance; L, for establishing re- 
sonance. 

Absorption- type wave meters operate on the 
principle that the energy in an L-C-R circuit is 
absorbed by an adjoining L-C-R circuit. The 
amount of energy that is absorbed reaches a 
maximum value (coils fixed) when each circuit 
is resonant to the frequency in the tuned circuit 
under test, like the one shown in figure 17-13. 
Maximum current is indicated in the wave meter 
circuit by the indicator bulb glowing brightly. 
Therefore, the wave meter is held in the vicinity 
of the circuit under test and the dial of the vari- 
able capacitor, C, is adjusted until the greatest 
brilliancy is noted on the indicator bulb. The 
value of resonant frequency is then determined 
from the dial on the variable capacitor. 

Absorption wave meters are not reliable for 
accurate measurements because they tend to 
detune the circuit under test. Since absorption 
wave meters tend to detune self- excited oscil- 
lator circuits when coupled closely, care must 
be used to achieve the greatest degree of accu- 
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Figure 17-13.— Absorption wave meter. 



racy by making the final tuning adjustment when 
the wave meter is farthest from the tuned cir- 
cuit under test, yet close enough to produce a 
visible (faint) glow on the indicator bulb. 

A well-designed tester uses coils and asso- 
ciated parts with high Q- factor ratings because 
the accuracy with which frequency can be deter- 
mined with a wave meter depends heavily on the 
Q of the wave meter circuit and precision with 
which the capacitor dial can be calibrated. 

Wave meters can be operated as either ab- 
sorption or reaction devices. For the latter 
purpose, a meter would be arranged in the source 
of r-f. One practical way for arranging such a 
meter is shown in figure 17-14. When the wave 
meter of figure 17-13 is tuned to resonance in 
the vicinity of LI of figure 17-14, the reaction 
is registered on the meter, M, shown in the 
latter diagram. Because the absorbed power is 
removed from the r-f oscillator circuit, this 
meter shows a decrease and the needle will 
plunge or dip downward. This accounts for the 
name, grid-dip frequency meter that is known 
simply as a grid-dip meter. 
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Figure 17-14.— Schematic diagram of a grid-dip meter. 



GRID-DIP METER 



CIRCUIT OPERATION OF GRID-DIP METER 



The grid-dip meter is a versatile and popular 
test instrument, especially in the laboratory 
where development and research are conducted. 
A simplified circuit of the grid-dip device is 
shown in figure 17-14. Here, a Colpitts oscil- 
lator is used. A Colpitts oscillator uses two 
capacitors, CI and C2, connected in series 
across the tank coil, LI, with the junction of the 
capacitors connected to the grounded end of the 
cathode resistor. Two coupling capacitors con- 
nect the tuned circuit to the plate and grid, re- 
spectively. The meter is in series with the grid- 
leak resistors; the resistors being selected to 
produce a time constant with the grid capacitor 
C3. The grid capacitor becomes charged to a 
degree that cuts off oscillations until its charge 
leaks away through the meter and grid- leak 
resistor, Rl. Oscillations are restored for a 
period that depends on the time- constant value 
determined by R2 and C3. The net result is that 
the r-f oscillations are modulated with an a-f 
that is determined by the time- constant value. 
A jack is provided across resistor Rl for listen- 
ing with a headphone to the a-f signal which 
changes in intensity. Some operators can de- 
tect small aural changes more readily than the 
amount of dip registered on the meter. 

With this tester it is possible, among other 
things, to determine the resonant frequency of 
an antenna system, to detect harmonics, and to 
check relative field strengths; for example, in 
rotating a television antenna for maximum sig- 
nal strength. The meter may also be used as 
an absorption frequency meter when the oscil- 
lator is not energized. 



Basically the grid-dip meter is a calibrated 
oscillator which meters the grid current in 
the oscillator circuit. With the oscillator func- 
tioning, energy is coupled from the tuned circuit 
(composed of CI, C2, and LI) to the circuit under 
test. The circuit under test is supplied a small 
amount of energy via tank coil LI of the meter. 
Except for the field of LI, the circuit under test 
is deenergized. The capacitors are rotated to 
the point where the oscillator tank frequency is 
equal to the resonant frequency of the circuit 
under test. At resonance the grid current de- 
creases as indicated by the dip in the grid meter. 
The energy absorbed from Ll by the circuit 
under test decreases the a-c component of plate 
voltage, thus causing a decrease in feedback 
energy from the plate to the oscillator grid. 
The grid voltage is driven less positive and the 
grid current decreases. 

APPLICATIONS OF GRID-DIP METER 

In order to determine the resonant frequency 
of an antenna system, coil Ll of the meter is 
brought close to the antenna when the latter is 
deenergized. The proper point along the antenna 
is the point corresponding to a high-current point 
when the antenna is energized. If the antenna has 
an open center, a jumper isusedasa temporary 
short so that the test may be made. The meter 
is tuned until the dip of the grid current indicates 
resonance. Harmonics may be indicated in the 
same manner. 

Standing waves on an open transmission line 
may be checked by removing the plate power 
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supply and operating the tube as a diode detector. 
This action is similar to that of an absorption 
wave meter. 

FREQUENCY STANDARDS 

WWV PRIMARY FREQUENCY STANDARD 

When a major naval operation is planned, 
surface ships, submarines, carrier-based 
planes, and other units may be required to 
maintain radio silence until contact with the 
enemy is made. Separate movements are then 
synchronized by preset- communication frequen- 
cies. One of the most important assignments of 
a technician is to have radio receivers and trans- 
mitters accurately adjusted to the frequencies 
assigned by the task-force communications of- 
ficer. This type of assignment involves the use 
of a secondary frequency standard of high ac- 
curacy, such as the AN/URM-82 or the LM-21, 
the LM-18, the LM-15 or LM-U. (Caution: 
Other frequency meters in the LM series are 
not acceptable as secondary standards.) 

If the secondary meter is out of order (for 
example, as the result of a defective reference 
crystal), it becomes necessary to replace the 
crystal and verify the accuracy of the new refer- 
ence crystal. The primary frequency standard 
is radio transmitter station WWV, operated by 
the National Bureau of Standards. Every fre- 
quency meter should be checked weekly against 
the WWV transmissions to assure that the refer- 
ence crystal is still reliable. Standard- frequency 
transmissions are useful also as standards for 
measuring field intensity and audiofrequencies. 

The schedule of services offered by station 
WWV is published in Radio Navigational Aids, 
H. O. 205, issued by the USN Hydrographic Of- 
fice. For current information refer to this pub- 
lication. Revisions to the schedule of services 
are reported from time to time in nearly all 
naval electronic magazines. 

SECONDARY FREQUENCY STANDARDS 

The LM frequency meter is a secondary 
frequency standard of high accuracy. The sim- 
plified block diagram shown in figure 17-15 
shows the basic components of the LM-18 meter 
and indicates how they function. This meter is 
fundamentally a stable, self-excited heterodyne 



oscillator of the electron- coupled type covering 
the range from 125 kc to 20 mc, and has a sep- 
arate crystal- controlled reference oscillator. 
Zero beats are provided at several reference 
points between the two oscillators. 

As indicated in figure 17- 15, A, the crystal 
oscillator serves to check the heterodyne oscil- 
lator frequency. A small trimmer capacitor is 
connected in parallel with the main tuning capaci- 
tor and serves to correct the frequency of the 
heterodyne oscillator at the nearest crystal 
check point. The beat frequency between the two 
oscillators is detected, amplified, and fed to the 
headphones for aural indication. At zero beat, 
the heterodyne oscillator frequency is correct 
for the dial setting as indicated in the calibration 
book, for the selected crystal check point. 

For transmitter adjustment, the heterodyne 
oscillator, after calibration, is combined with 
the r-f signal input from the transmitter, as 
shown in figure 17- 15, B. Zero beat results when 
the transmitter is adjusted to the frequency of 
the oscillator. Aural indication is accomplished 
in the same manner as calibration of the 
heterodyne oscillator. 

The equipment may serve as a signal source 
for alignment and calibration of receivers, as 
indicated in figure 17-15,C. After calibration 
to the nearest crystal check point, the output 
of the heterodyne oscillator is fed to the re- 
ceiver. An r-f attenuator is provided for ad- 
justment of the output signal level. The receiver 
is tuned to zero beat with the heterodyne oscil- 
lator, as indicated by the headphones in the out- 
put circuit of the receiver. By circuit switching, 
the audio amplifier serves as a 500- cycle modu- 
lator. For a-m input signals, receiver calibra- 
tion is performed by tuning for maximum audio 
output. 

The output of the LM meter is too low for 
some maintenance uses for which less accurate 
signal generators with higher output power are 
provided. Since the oscillator may be set within 
1 part in 10,000 for the range from 2 to 20 mc, 
careful use of the LM meter should result in 
close agreement of all transmitters and re- 
ceivers set to any one frequency. 

Other secondary frequency standards used 
by the Navy include the AN/USM-29 and TS- 186/ 
UP. The AN/USM-29 is a portable instrument 
used in calibrating frequencies of radio trans- 
mitters and receivers. It is used in field and 
depot maintenance. The AN'USM-29 is identical 
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Figure 17- 15. -Simplified block diagram of the LM-18 meter. 



to Frequency Meter FR-47/U, except for addi- 
tional accessories, and supersedes the Crystal 
Calibrator Equipment, Model LR. The AN/ 
USM-29 has a fundamental frequency range from 
15 kc to 30 mc, with an overall accuracy of 0.01 
percent, and its harmonics to the tenth are 
acceptable for checking frequencies from 30 mc 
to 300 mcs. The Test Set TS-186/UP covers 
the range from 100 to 10,000 mc having an over- 
all accuracy of 0.01 percent. 

R-F SIGNAL GENERATOR 

The output power of a secondary frequency 
standard or frequency meter is too low to ener- 
gize directly an output meter when radio equip- 
ment is being serviced. Signal generators, such 
as Navy types AN/URM-25 and AN/URM-26 have 
sufficient power for general service work. Some 
signal generators include vacuum-tube volt- 
meters circuits, modulating circuits, and others. 



The various test sets (for example, TS-382C/U 
and TS-535/U) use auxiliary circuits for special- 
ized test work. 

Basically an r-f signal generator is a device 
which produces r-f voltages from a well- shielded 
oscillator. It can be set to generate an unmodu- 
lated or audio- tone- modulated signal for test 
purposes at any frequency for aligning or serv- 
icing r-f stages in receivers or transmitters. 
If the calibration of the equipment is sufficiently 
accurate, and if a detector circuit with one or 
more audio stages is included, the device may be 
used to determine unknown frequencies by the 
zero-beat method. 

To afford a better understanding of the con- 
struction and function of an r-f signal generator, 
the Navy portable model AN/URM-25B signal 
generator is described briefly. A simplified 
block diagram of this generator is shown in 
figure 17-16. The arrangement of parts and 
their functions are similar to those of a radio 
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Figure 17-16.— R-f signal generator AN/URM-25B, block diagram. 
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frequency transmitter. A carrier frequency 
oscillator, VI, generates a variable r-f signal 
which is applied to the control grid of a buffer 
amplifier. V3 is the audio modulation oscillator. 
It is a standard Wien-bridge oscillator described 
in chapter 8, which generates an audio voltage 
with a choice of two frequencies (400 or 1000 
cps) which is applied to the grid of the buffer 
amplifier, V2, when desired. Otherwise, V3 may 
be switched to an OFF postion or switched to 
deliver the a-f signal to the output jack, J 103. 

The output of the buffer amplifier, V2 (either 
modulated or unmodulated) is fed to the r-f 
attenuator system, consisting of a step attenua- 
tor with dual potentiometer (microvolts control) 
for delivering calibrated amounts of output sign- 
nai to two jacks, J101 or J 102. 

The range of r-f frequencies covered is from 
10 kilocycles to 50 megacycles in 8 bands. The 
r-f oscillator tube VI, also shown in figure 17-17, 
is a type 6J6 dual triode with both triode- 
sections connected in parallel. It uses the con- 
ventional Hartley oscillator described in chapter 
8. Any one of 8 inductance coils, represented by 
L2, may be selected by switching it in parallel 
with the tuning capacitor, C7. The trimmer ca- 
pacitor, C10, permits precise calibration during 



initial calibration. Each of the individual induct- 
ance coils is provided with its own trimmer. 

Bias for the VI oscillator tube is produced 
by the oscillator grid current which charges 
the grid blocking capacitor, C6. This capacitor 
receives its charge during the portion of the r-f 
cycle when the grid is positive. The grid re- 
sistor, R3, in parallel with C6 allows this capaci- 
tor to discharge during the reversal of the r-f 
cycle. The net result is a bias on the grid which 
is proportional to the amplitude of the r-f volt- 
age across the grid tank circuit. 

A vacuum- tube- voltmeter (VTVM), in figure 
17-16, receives rectified signals from either 
the modulation diode, V5, or from the r-f diode, 
V6. The a-c voltages produced from low and 
high frequencies are converted to rectified cur- 
rents that are filtered and applied to a balanced 
bridge network, as described later for the a-c 
voltmeter of figure 17-30. The VTVM permits 
accurate selection of voltage values for injection 
into circuits to be tested. 

A-F SIGNAL GENERATOR 

An a-f signal generator that serves as a 
dependable source of alternating voltage, with 
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Figure 17-17.— Hartley type of r-f carrier oscillator in AN/URM-25B. 



waveforms of known shape, from a few volts 
to a few millivolts, is a useful device for test- 
ing audio frequency (a-f) amplifiers. 

An a-f signal is sometimes available from 
a tester that serves another basic purpose. The 
AN/URM-25B instrument described earlier is 
an example where the basic instrument is an 
r-f generator but a-f is also available from the 
output jack, J103, shown in figure 17-16. Here 
the choice of a-f is restricted to either 400 or 
1000 cps with sine-wave waveform. Rather 
than being restricted to a single frequency out- 
put, an a-f generator is more useful when it can 
deliver a-c voltages ranging from 20 cps to 
200,000 cycles per second at amplitudes which 
may be varied as desired from zero to 10 volts. 
The TS-239/UP audio frequency generator is 
capable of delivering these frequencies with a 
high degree of accuracy. 

The TS-535/U is also classed as a special 
a-f generator, designed to produce sine waves 
of known frequencies and amplitudes in the upper 
audio and supersonic bands, ranging between 
7 kc and 160 kc. The output is either c-w or 
m-c-w. The modulation is obtained from either 
the internal 400 cps (fixed) oscillator or an 
external source. 

One of the uses of the TS-535/Uisthe testing 
of sonar receivers. Its internal a-f calibrator 
oscillator, with precise frequency of 5000 cps, 
may be used as a frequency calibrator of other 
external generators. 

The accuracy of any signal generator depends 
on careful design. Let us examine an a-f oscil- 
lator that produces a single frequency of 5000 cps 
for calibrating purposes in the TS-535/U. The 
circuit is shown in figure 17-18 where the 6J5 
tube supplies energy to a tuning fork in order to 



maintain the vibration of the fork. The plate 
circuit of this tube is connected to one of the 
fork driving coils, LI, while the grid circuit is 
connected to the other driving coil, L2. The 
core of the pair of coils is a permanent horse- 
shoe magnet, the ends of which are set close to 
the tines of the tuning fork. 

A tuning fork functions somewhat like a 
quartz crystal in that it vibrates at a single 




Figure 17-18.-Fork oscillator of TS-535/U. 
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frequency (in this case 5 kc) and maintains that 
frequency within very close limits (0.01%). The 
tuning fork used in this instrument is of bime- 
tallic construction, designed so that the fork has 
a very low temperature coefficient, comparable 
to that of good quality quartz plates. 

The operation begins when plate currents 
flows and capacitor, C142, discharges. This ac- 
tion produces a changing current through the 
coil, LI, which causes the tine of the fork to 
move. The movement of the fork changes the 
reluctance of the magnetic circuit in the grid 
coil, L2, with the result that a voltage is pro- 
duced and applied to the grid circuit of the 6J5 
tube. The grid coil, L2, is connected between 
grid and ground so that the generated sine- wave 
voltage on the grid is amplified and appears 180 
degrees out-of-phase in the plate circuit from 
where it passes to the plate coil, LI, changing 
the current further to repeat the cycle. 

Once a tine of a tuning fork is put into vibra- 
tion, its neighboring tine also vibrates. You 
may wish to verify this with a dinner fork, or 
kitchen fork— a fork with two or four tines may 
be used. Pluck one of the tines— listen— also 
touch a neighboring (unplucked) tine to verify 
that it vibrates too. This action is called me- 
chanical resonance. 

Each L-C circuit is associated with one of 
the mechanical tines of the fork, F. Therefore, 
in addition to the voltage induced in L2 (ex- 
plained before) there is another voltage induced 
in LI. We can now comprehend that the multiple - 
resonance action takes place in four places in 
figure 17-18, even when the 6J5 tube is removed, 
provided any one of the tines (or electrical L-C 
circuits) is disturbed. Re- insertion of the tube 
will reinforce the original resonance by the am- 
plifying action of the tube. Sufficient energy 
appears across R2 for use asaprecise 5000 cps 
signal. 

Wien Bridge A-F Oscillator 

An oscillator that uses a Wien-bridge circuit 
(ch. 8), in order to maintain a stable output, 
must use R-C components that maintain con- 
stant electrical properties of resistance and 
capacitance, respectively. 

The TS-382A/U audio oscillator (front panel 
shown in figure 17- 19, A) is an example of an 
instrument that has similar counterparts made 
by other manufacturers, designated as TS-382B/ 



U, TS-382C/U, and TS-382D/U. The oscillator 
circuit is shown in figure 17-19,B, and then 
re-drawn as a Wien-bridge in figure 17-19,C, 
to show that the phase -shifting element of the 
circuit is a frequency selective bridge. How- 
ever, it is simpler to use the circuit shown in 
figure B for purposes of discussion, since the 
feedback paths are shown more clearly. 

Tube V101 is the oscillator tube. TubeV102 
acts as an amplifier and inverter. You will re- 
call from chapter 8 that the system amplifies 
voltages of a very wide range of frequencies. 
Voltages of any frequency, or of any combina- 
tion of frequencies, can cause oscillation. The 
bridge circuit is used, therefore, to eliminate 
feedback voltages of all frequencies except the 
single frequency desired in the output. 

A degenerative feedback voltage is provided 
by the voltage divider, consisting of R114 and 
the heat- sensitive resistor (that is actually a 
3-watt lamp) R115. There is no phase shift 
across this voltage divider, regardless of fre- 
quencies, with the result that the amplitude of 
the negative feedback voltage (coupled through 
capacitor C108) maintains a constant output for 
all frequencies within the range of the equipment. 

APPLICATION OF A-F OSCILLATOR 

An audio oscillator is used in testing and 
trouble shooting amplifiers, audio sections of 
radio receivers, and radio transmitters, re- 
corders, and filters. The overall performance 
of such equipment is determined by plotting their 
response curves. The variable- frequency a-f 
generators may also be used to supply audio 
modulation to r-f signal generators. Such a-f 
gear is also useful for checking sonar trans- 
ducers, sonar networks, and servomechanisms. 

RADIO-INTERFERENCE 
FIELD-INTENSITY METER 

Field strength meters covering the various 
frequency ranges have been developed for lo- 
cating r-f interference. An example of an h-f 
and v-h-f radio-interference field- intensity 
meter is the TS-587A/U. 

A field intensity meter is essentially a 
portable radio receiver with an attached meter 
to indicate the strength of the received signal. 
It is useful in locating the source of an inter- 
fering signal on own ship; for testing the 
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Figure 17-19.— Audio 

effectiveness of measures for eliminating inter- 
ference; for seeking out the sources of radiation 
on own ship that violate radio silence; and for 
plotting field patterns for directive antenna 
arrays. 

Figure 17-20 illustrates one use of the 
AN/URM-47 interference locator, and figure 
17-21 is a block diagram of this equipment, 
which is representative of the class. Other 
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oscillator TS-382D/U. 

models have been developed, such as the 
AN/PRM-1 and AN/URM-17, that have wider 
frequency ranges and greater sensitivity. 

The block diagram of the AN/URM-47 (fig. 
17-21) indicates that it is essentially a super- 
heterodyne radio receiver. The circuit is 
conventional except for the addition of the r-f 
attenuator and the meter circuits. The noise 
generator is used for calibration purposes. It 
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Figure 17-20.— Location of radio noise. 



duplicates the strength of signal under test. 
Because the former is known, the latter becomes 
known by comparison. 

Control- grid bias for the 2nd and 3rd i-f 
tubes (having remote cutoff characteristics) is 
supplied by the a-g-c system. This feature 
enables the voltage developed across the diode 
load resistor (in the 2nd detector) to be stabilized 
at a value approximately proportional to the 
logarithm of the input signal. This action is 
necessary in order to provide an indicating meter 
scale with a range extending from 10 to 1,000 
microvolts, with uniform reading accuracy over 
the entire range. 

A diode is used to supply the a-g-c voltage, 
and a portion of this voltage is fed to the d-c 
amplifier which has the indicating meter in the 



plate circuit. Thus, while the meter reads the 
rectified a-g-c voltage, it is effectively reading 
signal voltage because, as mentioned previously, 
the a-g-c voltage is proportional to the logarithm 
of the signal voltage. A battery is provided in 
the plate circuit of the diode to buck out the 
indicating meter current under zero input con- 
ditions. In this way, the meter is set for zero 
under conditions of no-signal input. Another 
diode rectifies the signal to provide an audio 
output for the headphones. 

MEASUREMENT AND LOCATION 
OF INTERFERENCE 

In locating a source of radio interference, 
tune in the radio noise on a field- intensity meter. 
Identify the signal with earphones as in figure 
17-20. An electrostatically shielded loop probe 
(shown enlarged in fig. 17-20) may be used as 
an antenna to locate sources of noise in ma- 
chinery. Moving the probe in the direction 
of the source (or some conductor radiating the 
noise energy) causes the signal strength, as 
indicated by the meter or earphones, to increase. 
Moving the probe away from the source causes 
the signal strength to decrease. Inspection of all 
rotating equipment usually is necessary to locate 
interference on shipboard, and a final check 
should be made by starting and stopping the 
suspected device. 

Occasionally v-h-f transmitters indirectly 
cause interference in lower frequency bands. 
For example, recently a search radar was 
causing interference with all TBS .and all other 
radio reception on an aircraft carrier. The 
annoyance was caused by two loose steel-wire 
stays near the radar antenna. Energy picked 
up from the antenna caused an arc which was 
reradiated at a lower frequency. 
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Figure 17-21.— Block diagram of model AN/URM-47 interference locating equipment. 
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In many commercial broadcast receivers the 
antenna is coupled to the mixer, thus permitting 
radiation in the antenna from the local oscillator. 
The use of such receivers might produce radia- 
tion that could be detected by the enemy. There- 
fore all Navy receivers approved for shipboard 
use must have the oscillator separated from the 
antenna circuit by sufficient preselection and 
shielding to reduce radiation from the antenna 
to less than 400 micromicrowatts. The exact 
method of measuring this radiation is set 
forth in specifications provided by the Bureau of 
Ships. Electric razors and other sources of 
interference not only cause difficulties in radio 
reception but also interrupt radio silence and 
render a ship vulnerable to attack. 

It is the responsibility of the electronics 
officer to make certain that no equipment on the 
ship is emitting a radio signal on which an enemy 
direction finder can be trained. 

SPECTRUM ANALYZER 

A spectrum analyzer is an electronic test 
equipment which provides a visual indication of 
the frequency component (spectra) of an 
amplitude-modulated radio wave. The radio 
wave may be modulated by keying, by voice, 
by radar pulses, and so forth. In every case 
the resulting waves include a carrier frequency 
and its associated upper and lower sideband 
components. The pattern on the screen of a 
cathode- ray tube is a graph of signal voltage 
versus frequency. Ordinates represent peak 
voltage, and abscissas represent frequency. 



A simplified block diagram of one form of 
spectrum analyzer is shown in figure 17-22. 
The input signal is converted in the mixer to 
the difference frequency (IF) between the input 
signal and local oscillator. Any modulation 
present in the input signal is transferred to 
the intermediate frequency amplifier, removed 
from it at the detector, amplified by the video 
amplifier, and applied to the vertical deflection 
plates of the cathode- ray indicator tube. The 
action is similar to that of a conventional 
superheterodyne receiver except that the local 
oscillator is frequency modulated. In other 
words, the frequency of the local oscillator is 
constantly being varied at a rate and to an ex- 
tent that is determined by the sweep generator. 
The sweep generator has a saw-tooth waveform 
and sweeps the spot across the screen at a 
rate that is proportional to the rate of change 
of frequency of the local oscillator. Thus the 
horizontal position of the spot at any instant 
is proportional to the frequency of the applied 
signal at that instant and the vertical position 
of the spot is proportional to the amplitude 
of the signal. 

Spectrum analyzers are frequently used to 
study the radio frequency spectrum produced 
when the carrier is amplitude modulated by a 
succession of rectangular pulses as in radar 
signals. A characteristic pattern of the pulse 
spectrum of a radar signal is shown in figure 
17-23. 

The local oscillator of the spectrum analyzer 
superheterodyne receiver is swept in frequency 
at a rate that is proportional to the radar pulse 
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Figure 17-22.— Simplified block diagram of one form of spectrum analyzer. 
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Figure 17-23.— Radar pulse spectrum. 

recurrence frequency. The pattern is an en- 
velope formed by the succession of pulses that 
are received during the time the spot is swept 
across the screen. In order to provide sufficient 
detail in the screen pattern the sweep interval 
is made long enough to allow at least 50 pulses 
to occur for each sweep interval. Thus, the 
sweep speed should not exceed one-fiftieth of the 
pulse- recurrence frequency. To avoid flicker, a 
long-persistence screen is used. 

The TS-148/UP spectrum analyzer is a 
representative electronic test equipment used 
with radar and beacon equipment and provides a 
visual indication of the spectra of radio fre- 
quency oscillators within a range of 8,470 
to 9,630 megacycles. A pictorial view of this 
spectrum analyzer control panel is shown in 
figure 17-24. This analyzer is useful for 
observing spectra of pulsed magnetrons; meas- 
uring magnetron frequencies; tuning waveguides 
in a radar transmitter; checking frequency 
meters, TR boxes, and echo boxes; measuring 



the bandwidths of resonant cavities and pulse 
widths; and determining the distribution of use- 
ful transmitted power. 

CAPACITANCE INDUCTANCE- 
RESISTANCE BRIDGES 

Capacitance, inductance, and resistance are 
measured for precise accuracy by alternating 
current bridges which are composed of capa- 
citors, inductors, and resistors in a wide 
variety of combinations. These bridges operate 
on the principle of the Wheatstone bridge, in 
which an unknown resistance is balanced against 
known resistances. The unknown resistance is 
calculated in terms of the known resistance 
after the bridge has been balanced. One type 
of capacitance bridge circuit is shown in 
simplified form in figure 17-25. When the 
bridge is balanced by adjusting the two variable 
resistors, there is no a-c voltage developed 
across the input of the indicator tube, VI, and 
the shadow angle is maximum. Any slight 
unbalance produces an a-c voltage, which, in 
turn, develops a grid- leak bias and lowers the 
plate current of VI, reducing the shadow angle. 

The following relations exist when the bridge 
is balanced: 



C d _ R b R c 
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Figure 17-24.— Spectrum analyzer control 
panel, TS-148/UP. 



where Ra, Rb, Rc> and Rd are the resistances 
indicated in the figure; Cc is the standard 
capacitance; and C(j the unknown capacitance. 
a>=2irf, where f is the frequency of the voltage 
applied across the bridge. 

In the basic Wheatstone bridge circuit using 
d-c voltages and simple resistances the balance 
is obtained when the voltage drops across the 
ratio arms are equal. In the a-c capacity bridge 
it is not sufficient to have equality of voltage 
drops in the ratio arms, but in addition the phase 
angle between current and voltage in the two arms 
containing the capacitors must be equal in order 
to obtain a balance. When a balance is obtained, 
the current in R a is equal to that in Rfc and the 
current in C c is equal to the current in the 
parallel circuit of Cd and R^. 
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Figure 17-25.— Simplified schematic of capacity checker. 



The capacitanc e-inductance- resistance 
bridge, type ZM-ll/U, shown in figure 17-26, 
is widely used to measure C, L, and R values 
in addition to special tests, such as the turns 
ratio of transformers and capacitor quality 
tests. This instrument is self-contained ex- 
cept for a source of line power, and has its 
own source of 1,000- cps bridge current with 
a sensitive bridge balance indicator, an ad- 
justable source of direct current for electro- 
lytic capacitor and insulation resistance testing, 
and a meter with suitable ranges for leakage 
current tests on electrolytic capacitors. 

TUBE TESTERS 

Two types of tube testers are in general use. 
One type, the EMISSION- TYPE TESTER, indi- 
cates the relative value of an electron tube in 
terms of its ability to emit electrons from the 
cathode. The second and more accurate type, 
is the MUTUAL-CONDUCTANCE (or TRANS- 
CONDUCTANCE) tube tester. This tube tester 
not only gives an indication of the electron emis- 
sion, but also indicates the ability of the grid 
voltage to control the plate current. 

CIRCUITS FOR TUBE TESTS 

Tube Tester TV- 3B/U, shown in figure 17-27, 
is a portable tube tester of the dynamic mutual- 
conductance type designed to test and measure 
the mutual conductance of electron tubes of the 



receiving types and many of the smaller trans- 
mitting types. 

A multimeter section, using the same in- 
dicator, is also incorporated in the equipment to 




C ARRYI N6 
HANDLE 



20.345 



Figure 17-26.— Capacitance, inductance, 
resistance bridge, ZM-ll/U. 
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Figure 17-27.-Tube tester TV-3B/U. 

permit measurements of a-c and d-c volts, 
d-c miliamperes, and resistance and capacitance 
in a number of ranges. 

Line voltage applied to the primary of the 
power- supply transformer is adjusted by a 
variable resistor in series with the primary 
power leads. The line adjustment switch con- 
nects the meter so that the meter deflection 
is proportional to the magnitude of the applied 
line voltage. 

The shorts switch connects the various tube 
elements to a voltage source in series with a 
neon lamp so that it glows if there is a short 
between the elements. The simplified circuit 
is shown in figure 17-28, A. 

The noise- test jacks, shown in figure 17-28, 
A, may be connected to the antenna and ground 
posts of a radio receiver for the noise test. 
The short- test switch is turned through the 
various positions as the tube under test is 
tapped gently. Any intermittent disturbances 
between the electrodes cause momentary os- 
cillations that are reproduced by the loud- 
speaker. 

Rectifier and diode detector tubes are tested 
for emission as shown in the simplified circuit 
of figure 17-28,B. The tube being tested rec- 
tifies the alternating current and causes a pul- 
sating direct current to flow through the meter. 
The current indicated by the meter is propor- 
tional to the electron emission of the tube. 
Rectifiers of the cold cathode type (such as 
the OZ4) require an a-c supply of 330-volts; 
whereas, diode detectors like the 6AL5 require 
only about 20 volts. In each instance, if there 
are two or more plates in the tube, each is 
tested separately. 
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Figure 17-28.— Simplified short-and rectifier- 
test circuits. 



The simplified circuits for the mutual- 
conductance test are shown in figure 17-29. The 
proper d-c grid voltage for the tube under test 
is supplied by V2. The a-c signal voltage is 
developed in L5 of the power transformer and 
acts in series with the grid bias. 

The plate voltage for the tube under test 
is supplied by VI. In the absence of a grid 
signal the a-c voltage on the d-c meter will 
cause no deflection because the current in 
the two sections of R are equal and flow in 
opposite directions. However, when an a-c 
signal is applied to the grid of the tube under 
test, the plate current alternately increases 
and decreases through resistor R in phase with 
the grid signal voltage. Thus, the currents 
through the two sections of R become un- 
balanced and the voltage across the meter is 
equal to the difference in voltage across the 
two sections of R. The alternating deflecting 
force on the meter is thereby unbalanced and 
the indication is no longer zero. The meter 
indication is proportional to the average in- 
crease in plate current and is calibrated in 
micromhos. 

The normal screen voltage of 130 volts is 
excessive for testing certain tubes. In such 
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Figure 17-29.— Simplified mutual- conductance 
and gas-test circuits. 

cases the screen may be connected to a 56-volt 
source by the push-button switch as indicated in 
figure 17-27. 

Also, a simplified gas-test circuit is included 
in figure 17-29. Depressing the gas-test push- 
button inserts resistor R2 in series with the 
grid. If the tube is gassy, reversed grid cur- 
rent will flow through R2. The drop across R2 
is opposed to the grid bias voltage and plate 
current will increase. 

MULTIMETER SECTION 

The multimeter section of the tube tester 
includes a standard nonelectronic multirange 
volt-ohm-milliammeter. The theory of oper- 
ation of these meters is included in training 
manuals for basic electricity. 

VOLT-OHM- AMMETER 
(ELECTRONIC) 

The electronic volt-ohm-ammeter incorpor- 
ates several measuring instruments within one 
enclosure. The ohmmeter and ammeter sections 
are similar to those described in manuals for 
basic electricity. The theory of operation of the 
ohmmeter and ammeter does not involve the 
electron tube and for that reason is not dis- 
cussed in this training manual. The voltmeter 
section is described in this chapter because it 
involves the operation of the basic triode 
amplifier. 



VOLTMETER ERRORS 

The ordinary voltmeter has several disad- 
vantages that make it practically useless for 
measuring voltages in high- impedance circuits. 
For example, suppose that the plate voltage of 
a pentode amplifier is to be measured. When 
the meter is connected between the plate of the 
electron tube and ground, the meter current 
constitutes an appreciable part of the total 
current through the plate load resistor. Because 
of the shunting effect of the meter on the pentode, 
the plate voltage decreases as the current 
through the plate load resistor increases. As a 
result, an incorrect indication of plate voltage 
is obtained. 

Before the voltmeter is connected, the plate 
current is limited by the effective resistance of 
the plate circuit and the plate voltage. If the 
tube has an effective resistance of 100,000 ohms, 
the plate load a resistance of 100,000 ohms, and 
the plate power supply is constant at 200 volts. 

then the plate current is 2oo~000' ° r 0 001 
ampere. The plate voltage is 0.001x100,000, or 
100 volts. 

Assume that the voltmeter used to measure 
the plate voltage of the tube has a sensitivity of 
1,000 ohms per volt and that the range is from 0 
to 250 volts. The meter will than have a resis- 
tance of 250,OOOohms. This resistance in paral- 
lel with the tube resistance of 100, 000 ohms pro- 
duces an effective resistance of 71 T 400 ohms in 
series with the plate load resistor. The total 
resistance across the B supply is therefore 
171,400 ohms and the current through the plate 
200 



load resistor is 



or 0 00117 ampere. 



171,400' 

Across the plate load resistor the voltage drop 
is 0.00117x100.000, or 117 volts and the plate- 
to-ground voltage on the tube is 200-117, or 83 
volts when the meter is connected, thus causing 
an error of 17percent. The lower the sensitivity 
of the meter the greater this error will be. 

A meter having a sensitivity of 20.000 ohms 
per volt and a 2 50- volt maximum scale reading 
would introduce an error of about 1 percent. 
However, in circuits where very high impedances 
are encountered, such as in grid circuits of 
electron tubes, even a meter of this sensitivity 
would impose too much of a load on the circuit. 
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ELECTRON- TUBE VOLTMETER 

Another limitation of the D'Arsonval a-c 
rectifier type voltmeter is the shunting effect at 
high frequencies of the relatively large meter 
rectifier capacitance. This shunting effect may 
be eliminated by replacing the usual metallic 
oxide rectifier with an electron- tube amplifier 
in which the plate circuit contains the d-c 
meter, and the voltage to be measured is applied 
to the grid circuit. Such a device is called an 
ELECTRON-TUBE VOLTMETER. Voltages at 
frequencies up to and greater than 100 mega- 
cycles can be measured accurately with this 
type of meter. 

THE INPUT IMPEDANCE IS LARGE, and 
therefore the current drawn from the circuit 
whose voltage is being measured is small and 
in most cases, negligible. 

Simplified diagrams of the a-c and d-c 
electron-tube voltmeter sections of Navy model 
AN/USM-34 volt-ohm-ammeter are shown in 
figure 17-30. 



The operation of d-c amplifiers of the type 
used in electron tube voltmeters is discussed 
in chapter 6 and may be reviewed for a better 
understanding of the operation of electron- tube 
voltmeters. 

The a-c voltage to be measured is applied to 
the a-c probe (fig. 17-30 t A). It is rectified by 
VI and filtered by the R-C network in the probe. 

The meter circuit is a balanced bridge net- 
work. When the input voltage betwen the probe 
and ground is zero, the bridge is balanced and 
the voltages across the two arms containing the 
plate load resistors of V2 are equal. Thus, the 
d-c meter indicates zero. If a voltage is ap- 
plied between the probe and ground, the bridge 
becomes unbalanced and current flows through 
the meter. The meter is calibrated in rms 
volts. The input impedance is very high. At 
the lower frequencies the input capacitance is 
negligible, but as the frequency increases the 
input capacitance introduces an additional load 
on the circuit under test and causes an error in 
the meter reading. 
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The d-c electron-tube voltmeter circuit is 
shown in figure 17-30,B. The d-c voltage to 
be measured is applied between the d-c input 
terminal and ground. The d-c input voltage 
is therefore applied through R23 to the divider 
network feeding the grid of V2A. The grid of 
V2B is grounded. The meter is connected 
across a normally balanced bridge so that the 
application of the d-c voltage unbalances- the 
bridge and causes the meter to deflect. The 
calibration is in d-c volts. Bias is obtained 
for V2A and B through the voltage drop 
across R13, R14, and R15. The cathodes 
are positive with respect to B- by an amount 
equal to the bias. Thus the grids are 



correspondingly negative with respect to the 
cathodes. 

In figure 17-30,A, diode VI causes a con- 
tact potential to be established across the 
voltage divider network connected to the grid of 
V2A. This voltage would unbalance the bridge. 
Therefore a similar contact potential is in- 
troduced across the grid of V2B from V3 and 
its associated voltage divider to balance the 
bridge before the a-c voltage to be measured 
is applied to the diode probe. 

In figure 17-30,B, no diode probe is used, 
hence no contact potential is established so that 
V3 and its associated voltage divider network 
are omitted from the circuit. 
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INTRODUCTION 

As modern computer technology advances, 
the Navy is finding it possible to apply com- 
puters to a greater variety of tasks. Problems 
and situations which were once considered com- 
plex and time consuming are now quickly and 
accurately solved and/or evaluated by com- 
puters. 

The Naval Tactical Data System (NTDS), 
composed of transistorized computers, pictorial 
displays, and digital communications equipment, 
is now being installed in several combatant ships. 

NTDS greatly increases the ability of task 
force personnel to track and evaluate high speed 
targets by automatically computing and pro- 
cessing battle intelligence, solving and dis- 
playing combat problems, and communicating 
information and orders between units of a 
task force. 

GENERAL 

Today, a good mathematician, or for that 
matter, a good physicist or engineer, makes 
few routine longhand mathematical calculations 
to solve his problems. Instead, he uses slide 
rules, small office calculators, and sometimes 
giant electronic computers (fig. 18-1), all of 
which are broadly classified as computers. At 
first glance, then, it might seem that a computer 
is merely a "machine for doing mathematics." 

This is only partly true. A computer cer- 
tainly is a "mathematics machine/' but it is 
also something more. It is a record-keeping 
device; it is a sorting device; and it is even 
being used experimentally as a language trans- 
lating device. 

DEFINITION 

A practical method of deriving a definition 
of the word computer would be to identify com- 
mon characteristics of two computers whose 



physical characteristics differ from each other 
as greatly as possible. 

Figure 18-2, for example, shows two com- 
puters that satisfy the requirement of being 
different from each other. One is the simple 
adding machine, and the other is the automatic 
language translator. The adding machine 
handles numbers; the automatic translator 
handles words. What is common to both of 
these? Data, of course. Both machines take 
data, or information, at the input, process it, 
and then feed it out in a more useful form. Both 
computers can be subdivided into three basic 
sections: input, processing, and output. 

From the function of each basic section, 
the following definition has been derived: A 
computer is any device capable of accepting 
information, applying prescribed processes to 
this information, and supplying the results of 
these processes. This definition fits both adding 
machine and language translator, as well as all 
other computers. 

The following information will briefly de- 
scribe several applications of a computer. 

COMPUTER APPLICATIONS 

A computer, like any other machine, is used 
because it does certain jobs better and more 
efficiently than humans. Specifically, it re- 
ceives more information and processes it much 
faster than man can. Within any specified period, 
a giant computer can do more arithmetic than 
all of the people in the United States can do with 
pencil and paper in the same period. 

Many people have the notion that computers 
are used to solve problems that cannot be solved 
by man. This is not so. A computer can do only 
what its designer builds into it. If its designer 
cannot solve a given problem, then the computer 
will not be capable of performing the logical 
operations necessary for its solution. If man 
can only approximate an answer to a problem 
then this is only what a computer will do, but 
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20.350 

Figure 18-1.— The IBM 705 electronic data processing system. 



the computer will find the approximate answer 
to the problem much faster. Speed becomes 
important when weeks or months of pencil and 
paper work can be replaced by a computer solu- 
tion requiring only a matter of minutes. 

Computers are used to solve problems which 
cannot be solved economically by man. Even 
when the problem has no exact solution, a 
computer is used when the time saved offsets 
the cost of using the machine. Because of these 
advantages— high speed and high capacity— the 
Navy is finding many uses for computers. The 
following examples point up a few uses to which 
computers are put. 

1. Solving design problems. The mathe- 
matical abilities of the computer are very use- 
ful to design engineers. The wing design of a 
supersonic aircraft, for example, depends on 
many factors. The designer describes each of 
these factors mathematically in the form of an 
equation and feeds it in the proper form to the 



computer. The computer then processes this 
information and supplies a useful answer. 

2. Solving problems in personnel, fiscal, and 
stock control management. Personnel, supply, 
and accounting departments find computers ex- 
tremely useful. Sometimes, both speed and high 
capacity combine to make the computer a super 
clerk. Inventories are reported and managed 
through the aid of computers; invoices are 
checked for accuracy and automatic replenish- 
ment is ensured. Supply and demand can be 
balanced and control points can order replenish- 
ment from areas of over supply to areas where 
there is a shortage. 

3. Processing information from missile 
ranges and tracking stations. At a missile 
firing range, for example, fifty or more streams 
of information may be coming in simultaneously. 

Each of these streams may carry hundreds, 
thousands, or even millions of information units 
every second. To classify and route this data 
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Figure 18-2.— Computer comparison. 



to the proper inputs of a computer is in itself 
a job for another computer. Unless such a 
computer clerk were available, missile launch- 
ings would not give us half the information 
they do. 

4. Forming a part of military systems. 
Computers form a part of many military sys- 
tems, including communications, fire control, 
tactics, strategy, and logistics. 

In some systems computers retrieve and 
evaluate signals too well hidden in noise to be 
detected by a human operator. They are ex- 
tremely useful in telemetering and other sys- 
tems whose signals, once missed, are lost 
forever. In some systems, the problem is 
how to hit a target; in others, the problem is 
what to do and when to do it; and in others, 
the problem is what to send and where to send 
it. More specific computer applications include 
automatic piloting, automatic navigation, and 
automatic landing. 

All of these applications contain factors 
which require the computer to furnish accurate 
solutions or evaluations quickly, either for a 
fixed condition or for changing situations. 

5. Automating processes. The computer is 
a useful tool for manufacturing and inspecting 



products automatically. A computer can run a 
turret lathe, a milling machine, and many other 
machine tools more rapidly and accurately than 
a man. It inspects the part as it is being made, 
and adjusts the machine tool as needed. If an 
incoming piece is defective the computer re- 
jects it and starts the machine on the next 
piece. 

6. Training by simulation. It is often ex- 
pensive, dangerous, and impracticable to train 
a large group of men under actual conditions to 
operate an aircraft or submarine, drop bombs 
on a target, shoot down enemy planes without 
being shot down, control a satellite, or operate 
a space ship. A computer can simulate all of 
these conditions for the trainee, react to his 
actions, and show him the results of his actions. 
Thus, he can get many days of on-the-job 
experience without personal risk and without 
risking the destruction of expensive equipment. 

COMPUTER CAPABILITIES AND 
LIMITATIONS 

The usefulness of a computer can be better 
understood when its basic capabilities and limi- 
tations are known. These are listed below. 
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Capabilities 

REPETITIVE OPERATION.— A computer can 
perform similar mathematical operations over 
and over again for hundreds, thousands, mil- 
lions, or trillions of times, without becoming 
tired or bored and therefore careless. 

SPEED.— A computer works with enormous 
speeds, which are limited only by the ingenuity 
of the designer. Modern computers can solve 
a problem many millions of times faster than 
a skilled mathematician. 

FLEXIBILITY.— A computer can be made as 
flexible or as specialized as desired. It can be 
a special purpose computer designed to solve 
only one type of problem, or it can be a general 
purpose computer designed to solve many types 
of problems. 

ACCURACY.— In most applications, the right 
computer can provide an answer that is as ac- 
curate as desired. Furthermore, the computer 
can be designed to check its own answers. 

Limitations 

THINKING.— It is not yet known just exactly 
what "thinking" is. According to the commonly 
understood meaning of the word, a computer is 
a machine and cannot "think.' ' It automatically 
follows orders and cannot consider any new 
information that is not fed to it, no matter how 
important. Thus, an automatic pilot will fly 
a damaged plane with its wounded crew directly 
into enemy territory, because that is what it 
was ordered to do. A man, however, can think 
for the computer and feed new data (aircraft 
damage) into it so that it may adjust and act 
accordingly. 

INTUITION.— A computer has no intuition. 
It does its job exactly as directed. On the 
basis of so-called intuition, a man may sud- 
denly find the answer to a problem without 
working out the details. A computer cannot do 
this. It can only proceed as ordered. 

BASIC COMPUTER TYPES 

Computers can be classified into two basic 
categories: analog and digital. Every computer 



falls into one of these two classes, unless it is 
a hybrid computer. A hybrid computer has both 
analog and digital characteristics. 

One good way to investigate the difference 
between analog and digital computers is to find 
a simple problem, and then feed it to both types. 
By watching how they get the answers, one can 
see how they work. 

Consider this problem: If a missile launched 
from a cruiser has an acceleration of 2 units 
and a mass of 75 units, what is the force that 
pushes the missile? 

Recalling some basic high school physics, 
Newton's second law of motion is used to get 
the answer. The law states that the force on 
a body is equal to the mass of the body times 
its acceleration. In mathematical form, 

F a MA, 

where F represents the force on the body, M 
represents the body's mass, and A represents 
the body's acceleration. 

The problem is solved simply by substituting 
the known values in the equation and then multi- 
plying as shown below. 

F = MA 

F = 75 x 2 = 150 units of force 

Now by applying this problem to both com- 
puters, it is easily seen how each type ap- 
proaches the problem. 

Analog Approach 

A comparison of Newton's law and Ohm's 
law will show that the forms of the equations 
are identical. 

Newton's law F = MA 

Ohm's law E = RI 

Accordingly, an electrical circuit described by 
Ohm's law is "analogous" to a moving body 
described by Newton's law. The advantage of 
this relationship between the two systems is 
that one can be used to give information about 
the other. By setting the given values in the 
circuit shown in figure 18-3, the voltmeter will 
automatically produce the value of force. 
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12 8) 

Figure 18-3.— The analog approach 
to measurements. 



In the analogous electric circuit the voltage, 
E, is proportional to the force, F; the resistance, 
R, is proportional to the mass, M; and the 
current, I, is proportional to the acceleration, 
A. Thus, the product RI is proportional to the 
product MA. 

Therefore, the electrical circuit can be used 
to compute the force on the accelerating mis- 
sile. For this reason, the circuit when used in 
this manner is called an analog computer. 

Within its physical limitations an analog 
computer can be used to multiply any two 
numbers instantly. Used in this way it is purely 
a mathematical machine. 

Thus, an analog computer is really two 
devices in one: It is a simulating machine, for 
in a mathematical sense it is a model or analog 
of some other system. In the preceding example, 
an electrical system was used to simulate a 
mechanical system. It is also a mathematical 
machine in that any two quantities could be 
multiplied by setting the current and resistance 
at the desired values, and then reading the 
product of the two on the voltmeter. 

Digital Approach 

A digital computer can also solve this prob- 
lem, but quite differently. Instead of looking 
for some analogous physical system, the equa- 
tion F = MA is simply looked upon as a multi- 
plication problem and the actual numbers are 



used immediately. In digital form, the problem 
is 

75 x 2 = ? 

To solve it an office adding machine, which 
is a digital computer, can be used. The digits 
75 are punched twice and the answer is read 
in the form of three digits, 1 50. 

Thus, a digital computer is simply an arith- 
metic machine. It receives individual digits, 
performs simple arithmetic on them, and pro- 
duces an answer in the form of individual digits. 

Specific Differences 

INPUT.— The input to the analog computer 
is never an absolute number; it is an approxi- 
mate position on a continuous scale (for example, 
the position of a potentiometer arm) as shown 
in figure 18-4, A. There will always be some 
error present no matter how small. On the 
other hand, the number fed into the digital 
computer is precisely the one desired. 

PROCESSING. -The analog computer works 
with continuous values, while the digital com- 
puter works with discrete individual digits (fig. 
18-4,B). 

OUTPUT.— The output of an analog computer, 
once more, is never an absolute number; it is an 
approximate position on a continuous scale. The 
digital computer, however, produces a specific 
series of digits for an output (fig. 18-4,C). 



General Differences 

ACCURACY.— The analog computer used in 
the previous problem is far from accurate. The 
problems of potentiometer and voltmeter ac- 
curacy, as well as the problem of loading, 
prevent it from being a practical instrument. 
It was used only for example's sake. By im- 
proving the design, the accuracy of the analog 
computer can be increased, but even the most 
expensive analog computer cannot be perfectly 
accurate because its components include po- 
tentiometers, galvanometers, transistors, and 
electron tubes. Although these components can 
be built with high accuracy, they can never be 
fully accurate; thus the computer's accuracy 
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Figure 18-4.— Basic differences between 
analog and digital computers. 



cannot be higher than its least accurate 
component. 

The output of a digital computer, on the 
other hand, can be made as accurate as the 
designer wishes. For example, given enough 
time, a digital computer can produce the value 
of n to as many places as desired. 

SPEED.— Most analog computers will pro- 
duce an answer as soon as a problem is fed 
into it. This ability is vital in military opera- 
tions such as fire control, where there is not 
much time to compute the position of a flying 
target. 

On the other hand, a digital computer does 
not work instantaneously. It produces an an- 
swer some time after the problem is fed to it. 
But don't conclude that this makes it a slow 
machine. The "some time after" may be a 
few millionths of a second. However, because 



the digital computer must do arithmetic, there 
is always a time lag between problem and 
solution. 

PRESENTATION. -The two types of com- 
puters present their answers differently. Once 
the analog computer was set up in the previous 
problem it was possible to do much more than 
get the product of 75 and 2. By varying the 
voltage, the answers to a number of problems 
can be attained: 75 x 2, 75 x 2.1, 75 x 2.2, 75 x 
2.3— in fact, 75 times every number on the 
ammeter dial. Furthermore, by replacing the 
voltmeter with a recording voltmeter as shown 
in figure 18-5, a graph can be plotted showing 
the continuous relationship between the products 
and one of the factors. Therefore, the missile 
force for a continuous spread of acceleration 
values is indicated. 
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Figure 18-5.— The recording voltmeter 
as a method of continuous calculation- 
recording. 

It is much more difficult to get all of these 
answers with a digital computer. It can be 
done, however, but it would require a separate 
multiplication for each answer. It would be 
necessary to multiply 75 x 2 and record the 
answer; and so on. Of course, large digital 
computers can do this automatically, but even 
then it takes more time. Also, the digital 
computer cannot possibly give the answer to 
every single input value. There would always 
be a gap between any two answers, no matter 
how close. Thus, the digital computer can never 
provide a continuous relationship between two 
quantities. 
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SUMMARY 

Basically, the analog computer deals with 
a continuous system, while the digital computer 
works with discrete numbers. While the analog 
computer is faster than the digital, it is much 
less accurate. Also, the analog computer can 
easily present the overall picture of an entire 
system, but the digital computer can give only 
the answer to one specific arithmetic problem 
at a time. 

The purpose of this entire section has been 
to give a general discussion of the differences 
between the analog and digital computers. In 
later sections each computer type will be ex- 
plained in more detail. 

ANALOG COMPUTER 

As soon as man discovered the relation be- 
tween two or more physical quantities, like mass 
and acceleration, he had a potential analog 
computer. When he used one of these factors 
to find out more about the other, the potential 
became the actual. 



CHARACTERISTICS OF ANALOG 
COMPUTERS 

Basic Principles of 
Analog Computation 

Although man has been using analog com- 
puters since the dawn of civilization, he has 
not fully understood the basic principle involved 
until quite recently. This principle may be 
stated as follows: ''Different physical systems 
can often be described by the same mathematical 
equations.' 9 

A physical system is defined as any system 
that exists in nature (fig. 18-6). It may consist 
of a nut and bolt, an entire building, an electron 
tube, an entire radar installation, a turning 
propeller, an entire ship, the solar system, or 
an analog computer. 

When speaking of a specific physical sys- 
tem, it is important to describe that system 
exactly. This is where mathematics comes in. 
Its precise nature makes it ideal for describing 
physical systems. This mathematical descrip- 
tion, which is called the mathematical model, 




Figure 18-6.— Analogies between physical and mathematical systems. 
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often applies to more than one physical system. 
Systems which are described by the same mathe- 
matical model are called analogous systems. 

Analog Triangle 

If a schematic diagram of the connection 
between a physical system, its mathematical 
model, and some analogous system is drawn, 
a triangle will be formed as shown in figure 
18-7. Each side of this triangle represents a 
basic application of the analog principle. 

SIDE 1-MATHEMATICS-TO-S Y S TE M.— 
This application— the use of mathematics to help 
in understanding a physical system— is simply 
the standard pencil-and-paper method of using 
mathematics. For example, the equation F = MA 
is used to describe the force acting on an ac- 
celerating body. 

SIDE 2 - SYSTEM - TO - SYSTEM. -Because 
the voltage developed across a resistor (E = RI) 
and the force acting on a moving body (F = MA) 
are described by the same type of equation, 
the resistor and the moving body are analogous 



systems. For this reason, the operation of one 
system can be simulated by using the other. 
As shown earlier, if the magnitude of the volt- 
age developed across the resistor is known, 
the amount of force acting on the moving body 
can be determined easily. This technique is 
called simulation. 

SIDE 3 — SYSTEM - TO - MATHEMATICS.— 
Just as one can learn about a physical system 
through the mathematics that describes it, one 
can also solve mathematical equations through 
the physical system described by them. Ex- 
amples of this principle are given here. 

Analog Arithmetic Elements 

The equation; 

A + B = x, 

describes the operation of a scale for measuring 
weight in pounds. A and B are the weights 
placed on the scale, while x represents the 
scale's marker, or readout, as shown in figure 
18-8. 




20.353 

Figure 18-7.— The analog triangle. 
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Figure 18-8.— Analog additions— direct 
read-out methods. 



The same equation can also be used to 
represent the operation of two electric currents 
that enter the same ammeter. A and B repre- 
sent the two input currents, while x represents 
the reading on the ammeter. 

Both of these devices may be called natural 
adding elements. For the sake of convenience, 
adding elements are represented schematically 
by drawing a box with a number of inputs and 
one output, and placing a symbol in it. 

By applying a well known rule of algebra, 
an adding element can be used to subtract. 
That is, to subtract one number from another, 
change the sign of the subtrahend, and add. 
With a sign- inverting device, an adding element 
can be used for subtraction. Many such sign- 
inverting devices are available. An amplifying 
triode circuit, for example, produces an in- 
verted voltage at its output. A lever's output 
end moves in a. direction opposite to that of its 
input. These, and all other sign- inverting 
elements, are represented by a circle as shown 
in figure 18-9. Note that the sign inverter has 
only one input and one output. 

As shown in figure 18-10, an adding element 
has been combined with a sign inverter to pro- 
duce a subtracting element. 

The Special-Purpose Analog Computer 
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Figure 18-9. — Sign inversions— the basis 
for all analogs. 
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Figure 18-10.— Subtraction on paper and 
through analog elements. 



Basic analog elements are sometimes com- 
bined for a specialized application. Used in this 
way, the combination is called a special-purpose 
analog computer. 



Assume, for example, that it is desired to 
obtain a continuous record of the total amount 
of fuel available in two fuel tanks. This can be 
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done by placing some kind of liquid level- 
measuring device in each tank, and feeding 
the outputs of these two devices to an adding 
element, as shown in figure 18-11. The adding 
elements output can be fed to a strip-chart 
recorder, so that a continuous, permanent record 
of the total amount of fuel in gallons will be 
available at all times. 
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Figure 18-1 1.— Adding quantities and reading- 
out on analog components, such as this strip 
chart recorder, for permanent records. 

Now to go one step further, assume that the 
fuel costs $2.00 per gallon, and that it is 
desired to obtain a continuous record of the 
total dollar value of fuel available. In other 
words, we multiply the output by two. This 
can be done simply by adding a multiplying 
element to the adding element, as shown in 
figure 18-12. 
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Figure 18-12.— Adding and multiplying usin^ 
a special purpose analog computer. 

Proceeding further, assume that the fuel 
is used to run 25 machines and that the dollar 
value of the fuel available for each machine is 
desired; that is, the output is to read f 'so many 
dollars worth of fuel available per machine/ ' 



This can be accomplished by dividing the 
total dollar value of the fuel by 25. The new 
special-purpose computer, with the dividing 
element installed, is shown in figure 18-13. 
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Figure 18-13.— Solves a problem in addition, 
multiplication and division in one step. 

By adding more basic elements to this com- 
bination, mathematical problems of increasing 
complexity can be solved. Before going any 
further, however, this basic principle should 
be clear: A special-purpose analog computer 
is simply a combination of basic computing 
elements that have been selected to do one 
specific job. 

PROBLEM: Design the special-purpose 
analog computers, in block diagram form, that 
will solve each of the following problems: 

a. p - q = x 

b. s(p - q) = y 



c. 



P + q 



- z 



d. pi q 

s - — ±- = c 
r + t 

See figure 18-14 for solutions. 

General- Purpose Analog Computer 

The general-purpose analog computer simply 
employs an extension of the special-purpose 
analog computer principle. Because it usually 
contains more basic elements than may be re- 
quired for accomplishing any one particular job, 
the general-purpose computer can solve a 
variety of problems. A highly simplified block 
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Figure 18-14.— Solutions to problems. 



diagram of such a computer is shown in figure 
18-15. 

Note that all of the basic elements are 
available. Using them is simply a matter of 
connecting them in the desired way. To solve 
the problem, 

(A + B) (C + D) 

begin by setting up each of the expressions 
within the parentheses. Thus, feed inputs A 
and B to one adder, and C and D to another. 



Inputs E and F require a little more work. 
Since F must be subtracted from E, F is fed 
to a sign inverter, obtaining -F. Now E and 
-F can be fed to a third adder to obtain the 
difference between these two for an output. 

The next step is to combine parenthetical 
expressions. Thus, to multiply (A^-B) by (OD), 
feed the outputs of the top two adders to a 
multiplier, obtaining an output of (A+B)(C+D). 

Finally, divide the numerator by the de- 
nominator by feeding the outputs of the mul- 
tiplier [ (A+B)(C+D)] and the third adder (E-F) 
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Figure 18-15.— The general -purpose analog 
computer. 

to a divider, making sure that (E-F) enters 
the divisor input. 

Now the output of the dividing element can 
be called x for it is the solution to our prob- 
lem. The complete connection is shown in 
figure 18-16. 

PROBLEMS: Connect the general-purpose 
computer in figure 18-15 to solve each one of 
the following problems. 



(A + B) - (C 4- D) 



= X 



(E + F) 

b. (A + B) (C + D) (E + F) v 
(GTH) 

See figure 18-17 for the solutions to these 
problems. 



As was illustrated in this section, the de- 
sign of special purpose and general purpose 
analog computers in block form is rather simple. 
In the next section, those devices used by the 
analog computer to perform the various mathe- 
matical operations will be discussed. 

COMPUTING DEVICES 

The purpose of this section is to introduce 
to the reader a few basic electrical, electronic, 
and electromechanical devices used in analog 
computers to perform the following mathemat- 
ical operations: addition, subtraction, multipli- 
cation, and division. It should be remembered 
that the methods presented in this chapter are 
basic and many variations of these methods will 
be found. 

Those devices which are mechanical in 
nature will not be discussed in this text. For 
information concerning these devices refer to 
"Basic Fire Control Mechanisms," ORDNANCE 
PAMPHLET 1140. 

Summation: Addition and Subtraction 

The algebraic summation of two quantities 
can best be illustrated with a simple circuit 
such as that shown in figure 18-18, A. As- 
suming that Ti and T2 are ideal transformers, 
the output voltage E 0 will depend directly upon 
the magnitude and polarity of input voltages 
Ei and E2. The operation of the circuit is 
summarized in the table shown in figure 18-18,B. 




Figure 18-16.— Connections for solving addition, subtraction, multiplication and division with the 

general-purpose analog computer. 
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Figure 18-17.— Solution to problems. 



Addition and subtraction of d-c voltages can 
be accomplished with a circuit such as that 
shown in figure 18-19, A. The output voltage, 
E 0 , depends upon the polarity of the d-c sources, 
and the position of each potentiometer arm. See 
the table in figure 18-19, B, for a summary of 
circuit operation. 

Although an analog computer solves a prob- 
lem instantaneously, there is always some error 
involved. With proper design, however, this 
error can be reduced to a very small value and 
neglected. As evidence of this fact, examine the 
parallel summation network in figure 18-20, A. 
Neglecting R 0 , the current i in each branch is 
approximately equal to the input voltage, e. 
divided by the resistance, R, of that branch. 

Because the total current through R 0 is the 
sum of the branch currents, and they in turn 
are proportional to the branch voltages, the 
output voltage across Rq will be proportional 
to the sum of the input voltages, as indicated 
in the table in figure 18-20, B. The multipli- 
cation factor, K, required to raise the output 
voltage to the sum of the input voltage, is thus 
seen to be 10*\ This action may be obtained, 
for example, by feeding it to a 3-stage cascade 
connected amplifier whose overall voltage gain 
is -106/1 (fig. 18-21) and whose stage gain is 
-100/1. 

The table shown in figure 18-20.B, lists 
the results. Because e 0 is a fraction of ej +- e2 
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Figure 18-18.— A. Summation circuit. 

B. Summary of circuit operation. 
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Figure 18-19.— A. D-c summation circuit. 

B. Summary of circuit operation. 



+ e3, it must be multiplied by some factor such 
that 

e c (mult factor or K) = ei + e2 + e3. 
The amplifier output E Q is given by 

Eo = -Aeo 

where A is the gain of the amplifier. 

The symbol labeled -A (fig. 18-21) represents 
an electron tube amplifier, which may contain 
several stages of amplification. The letter A 
may be either positive or negative, depending 
on whether or not the amplifier produces a 
phase reversal from input to output. 

Multiplication 

The process of multiplication can be easily 
accomplished by using devices such as poten- 
tiometers, synchros, autotransformers, or am- 
plifiers. For example, if one desired to multiply 
a constant by any number ranging from Oto t 1, 
the circuit (assuming no losses and negligible 
error) shown in figure 18-22 would suffice. In 
this case, the constant quantity is +10 volts. It 
must be remembered, however, that the voltages 
involved are analogs of certain mathematical 
quantities, and that one volt could represent 
any number of units. Assume in figure 18-22 
that 1 volt represents 1 unit. 



In order to perform the operation indicated 
by e 0 = (10) (+0.35) simply set the potentiometer 
dial on +0.35. and read e 0 with a voltmeter 
having a high input impedance. Assuming no 
losses, the voltmeter should read +3.5 volts. 
Notice that the positive voltage indicates a 
positive product. If the potentiometer dial were 
set to -0.35, e 0 would be equal to -3.5v. The 
negative sign in this case indicates a negative 
product. Thus, +10 volts can be multiplied by 
any value between 0 and ± 1 . 

The obvious disadvantage of the potentiom- 
eter type multiplier is the fact that a quantity 
cannot be multiplied by a factor greater than 
41. However, amplifiers can be used in con- 
junction with a potentiometer to increase the 
range of trmltiplication. To illustrate this point, 
examine the multiplier shown in figure 18-23. 
By adding an amplifier having a gain of 10, the 
range of multiplication is increased from 0 to 1 
to 0 to 10. To multiply E by +6.5, set the 
potentiometer dial to +0.65, and read the voltage 
from terminal 2 to ground. By adding more 
amplifiers, the range of multiplication can be 
increased. 

In figure 18-24, two potentiometers are used 
to solve the general equation eo = E.X.Y where 
X and Y are both variables. 

A variety of multiplying circuits have been 
devised, employing electron tube amplifiers. 
However, every linear electron tube amplifier 
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Figure 18-20.— A. Parallel summation network. 
B. Table of values. 



can be used as a multiplier by itself. Normally, 
the output voltage e 0 is given by 



e =pe 



r f R 
P 



as discussed in chapter 7 of this training course. 
Where Rl is very large compared with rp, the 
simpler formula e 0 = Meg is a good approxima- 
tion of the output voltage. By inspection, it can 
be seen that 

e 0 = neg 



is analogous to 

y = KX. 

In order to compensate for slight variations 
in the amplification factor, ^, analog computers 
frequently use amplifiers employing degenera- 
tive feedback. 

Division 

The familiar potentiometer is also widely 
used as a voltage divider. When division by a 
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Figure 18-21.— Operational schematic of an 
adding network with amplifiers followup. 




20.348 



Figure 18-22.— Multiplying a constant by a 
variable. 

constant is required, the calibrated potentiom- 
eter dial is rotated to the desired setting, the 
voltage to be divided is applied across the en- 
tire potentiometer, and the quotient is taken from 
the arm to ground. When division by a variable 
is required, the potentiometer is servo driven. 



As an example of division, refer to figure 
18-22 and divide 10 by 2. Since the potentiom- 
eter dial is calibrated for multiplication, set 
the reciprocal of 2 or 0.5 on the dial and read 
the answer at e Q . The output voltage e 0 should 
equal 5 volts. That is, 

-y = 10 x| = 10 a 0.5 = 5 volts. 

BASIC ORGANIZATION OF THE ANALOG 
COMPUTER 

Preceding sections have discussed how a 
few devices can be utilized to perform mathe- 
matical operations. However, any one of these 
items used alone is of limited value. To or- 
ganize an analog computer, a collection of these 
devices must be arranged in such a manner that 
will allow them to perform a desired series of 
mathematical operations as part of the process 
of solving a problem. For example, to solve a 
simple equation, it may be necessary to multiply, 
divide, add, and subtract. A machine that could 
solve this problem would consist of units capable 
of performing multiplication, division, addition, 
and subtraction. 

When organizing a basic computer, one must 
determine the arrangement and the number of 
each device to be used. Also, for an arrange- 
ment of appreciable size, one should provide 
a system of checking for proper operation. 

The following discussion applies to the 
organization of an electronic analog computer. 




Figure l8-23.-Multiplier. 
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Figure 18-24.— Multiplying a constant by two 
variables. 



The operational amplifier might be called the 
heart of the electronic analog computer. A 
proper choice of components and input, output, 
and feedback network connections will allow 
the amplifier to perform such mathematical 
operations as integration, sign inversion, addi- 
tion, subtraction, or multiplication by a constant. 
However, in spite of their versatility, there are 
mathematical operations that these amplifiers 
cannot perform. To multiply two varying quan- 
tities together, or to generate mathematical 
functions of problem variables, servo multi- 
pliers and resolve rs or the newer electronic 
multipliers and diode function generators may 
be used. Functions may also be generated by 
means of servo-driven function-card potentiom- 
eters. 

The mathematical expression of a problem 
normally is an equation that contains constants 
and numerical coefficients in addition to the 
variables. Often, initial values of the variables 
are specified as well as the limits or boundaries 
within which the problem is to be solved. In 
order to introduce these values into the machine, 
potentiometers and regulated sources of voltage 
are used. 

All quantities in the practical computer are 
represented by voltages. Since the operational 
amplifier has a restricted range of voltage over 
which it operates satisfactorily in its function 
as a mathematical tool, quantities involved in a 
problem can be represented by voltages that 
will remain within this range. This introduces 
the need for scaling. For this operation scaling 



potentiometers and calibrated voltage-divider 
networks are normally used. 

The operational area of the analog computer 
will contain the operational amplifiers. The 
number of amplifiers will be determined by 
the complexity of the problem to be solved. 
A smaller number of servomechanisms. or 
perhaps of electronic multipliers and diode 
function generators will be needed. A relatively 
large number of potentiometers will be used. 

Since it is desired to be able to change the 
manner in which these units are interconnected, 
their inouts and outputs must be readily available. 
This can be done by means of pinjacks or 
banana plugs near each operational element, or 
these points can be brought out to one central 
location and wired to a patch bay. For even 
greater ease and flexibility, a removable plug- 
board could be mounted into the patch bay. 
This board could be removed for "off-line" 
rearrangement of leads and components as 
desired. During this rearrangement, of course, 
the computer could be solving a problem under 
the control of another plugboard. 

It may be necessary to introduce such voltage 
waveforms as square waves, sine waves, and 
sawtooth waves of varying amplitudes and dura- 
tions during the solution of a particular problem. 
To do this, it is necessary to have signal 
generators capable of producing these signals. 
An oscilloscope might be of use as an aid 
in setting up problems and observing various 
portions of the problem being solved. In some 
cases the oscilloscope, with a camera, might 
be used to record part or all of the solution. 

It is necessary to control the computer and 
to check it for proper operation. Switches 
and relays will be required to initiate the actions 
of the various components, and then to return 
them to their quiescent, or zero-value, state 
before the computer is run again. Some systems 
perhaps one employing neon lights, can be used 
to indicate amplifier overloads. Meters and 
calibrated voltages must be available to check 
the operation of the units. 

Another factor to be considered is the manner 
in which the solution to the problem is to be 
made available to the operator. Frequently 
used devices are chart recorders, plotting 
boards, and oscilloscopes. The chart recorder 
usually plots the amplitude of a particular 
signal as it varies in time. If one is interested 
in the manner in which one unknown quantity 
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varies with respect to another, an X-Y co- 
ordinate plotting board could be used. On 
either of these graphical recorders, facilities 
for making calibration marks associated with 
the variables involved in a specific problem 
will be needed. If only a general visual idea 
of the behavior of the problem is desired, obser- 
vation of results on an oscilloscope might be 
entirely satisfactory. As stated previously, a 
permanent record could be made by photo- 
graphing the face of the oscilloscope. 

Since quantities in the computer are re- 
presented by the use of voltages proportional 
to their values, the reference voltages used 
in the equipment certainly should be of known 
constant value. Therefore, extreme care must 



be taken to maintain well regulated voltages 
and power supplies. 

In brief, the electronic analog computer will 
consist of the followingunits: (1) an operational 
area bay, (2) a servo and function generation 
bay, (probably including the coefficient and 
initial-value potentiometers), (3) a patch bay 
and possibly plugboards, (4) a control and test 
bay, (5) a power bay, and (6) necessary input 
and output equipment. 

If an analog computer is to be used for a 
particular application or for a special purpose, 
and its manner of operation will remain the same, 
it is not necessary to provide such complete 
flexibility of connection and control. However, 
the basic organization remains the same. 
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In chapter 18 we compared the ways in 
which two types of computers (analog and 
digital) solved a particular problem. You saw 
that electric analog computers use continuous 
voltages or currents to represent quantities or 
numbers, while digital computers, on the other 
hand, work with digits represented by discrete 
electrical pulses. Analog computers have a 
sliding scale of accuracy; digital computers 
count things to the nearest digit. The scale 
of a slide rule, for instance, can be read 
with greater accuracy if it is expanded in size. 
A digital computer's accuracy is limited only 
by the number of significant figures it can 
handle. 

The advantages of analog computers in- 
clude relative simplicity and economy of con- 
struction. Digital computers tend to be 
expensive and are rather hard to assemble 
and check out. But they are capable of far 
greater accuracy and flexibility than analog 
computers. 

Achievement of speed by means of elec- 
tronic calculations is a characteristic of 
electronic digital computers. The following 
simple illustrations show the progress that 
has been made in this area. 

Example: Multiply 1234567890 by 
567890123 4. A thousand such calculations 
would take (1) by hand (pencil and paper), 
1 week at 24 hours a day; (2) by mechanical 
desk machine, 1 day of 24 hours; (3) by small 
electronic calculator, 1 minute; and (4) by 
large electronic calculator, 1 second. 

NUMBER SYSTEMS 

A study of numbers is essential to a study 
of digital computers. Digital computers used by 
the Navy employ a very simple number system. 
In fact, it is so simple that it has only two 
digits: 1 and 0. You'll find that this system is 
a very powerful and highly reliable system. 
Digital computers are intended to be super- 



reliable and therefore are designed on the 
"YES or NO" theory. Something happens or 
it doesn't happen. A number is either 1 or 0, 
it cannot be a fraction of one or more than one, 
or negative. A function is THERE, or it is NOT 
THERE. A circuit is energized or not energized. 
A diode is conducting or not conducting, A 
voltage pulse is present or not present. How 
simple can you get? And with simplicity you get 
its running mate— reliability. 

Numbers and numerals do not mean the 
same thing. Numerals are symbols that re- 
present numbers. Numbers never change, but 
numerals may take many forms. Numeral 
forms and names change from country to 
country. 

The needs of primitive peoples are simple 
and they probably have the simplest arithmetic 
t in the world: "one, two, plenty" is as far as 
it goes. Most cultures, however, have a some- 
what more sophisticated method of counting. 
This is the one-to-one system. A primitive 
tribesman, for example, might count time by 
throwing a stone into a pot for each passing 
day. If the vessel can hold only 30 stones, 
a full pot marks a month. Observe that one 
stone represents one day— aone-to-one relation- 
ship. 

Sticks, marks on the earth, bones, and many 
other objects were used as tools for this one- 
to-one counting method. One tool, however, was 
much more convenient than any of the others. 
Discovered early in man's history, this counting 
tool is such an obviously practical one that 
you have used it yourself. You ha\fe it available 
all the time. This tool is, of course, your ten 
fingers. The Romans liked this counting tool 
so much that they based their entire number 
system on the use of the fingers. Even their 
symbols (numerals) are simply streamlined 
pictures of fingers in various positions. The 
symbol V represents an open palm of five 
fingers; X represents two hands crossed, a 
total of ten fingers. Other examples are shown 
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in figure 19-1. Many Roman concepts about 
numbers have been kept to the present time. 
The word digit comes from the Latin word 
for finger— digitus. Calculus comes from the 
Latin word for pebble. Pebbles were used 
in business transactions to count. 

Speaking of pebbles, primitive man had a 
counting device which used pebbles. He placed 
10 pebbles on the perimeter of a clay wheel. 
Each stone represented one unit, and a complete 
revolution of the wheel represented 10 units. 
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Figure 19-1.— Roman counting system using 
ten fingers. 



By placing a single mark on the wheel, rotating 
it, and then counting the number of times the 
mark passes a fixed index, a simple sysyem 
of counting by tens was created. The number 
77 in this counting system could be described 
as 7 marks and 7 pebbles. This wheel may 
have been the first decimal digital computer. 
The decimal system with its 10 numerals, 
0 through 9, is convenient and natural for man. 
But it might not be convenient for 12-fingered 
Martians. Actually the Martians, if they have 
12 fingers, could have a better number system 
than we have. And for this reason, functions 
of multiplication and division could be much 
more easily performed with a system based 
on 12, since this would be divisible by four 
numbers— 2, 3, 4, and 6— instead of only 2 
and 5 as in the decimal system. 

The need for simplicity and reliability of 
representing numbers led the Chinese, 4000 
years ago, to invent a 2-valued system of 
numerals for representing numbers. Reliability 
is best served by a 2-valued system, since 
the chance for error increases as the number 
of digits increases. 

Reliability of ARITHMETIC operations may 
be greatly increased by decreasing the number of 
rules to be observed in any operation, as well 
as decreasing the number of symbols in the 
numbering system. For instance, in the decimal 
system there are 10 rules of addition to be 
memorized, whereas in the binary system there 
are only 3 rules to learn. In the decimal 
system there are 55 rules of multiplication to 
learn, whereas in the binary system there 
are only 3 rules. Subtraction and division 
can be disregarded, since it can be reasoned 
intuitively (that is, without positive proof) that 
a person can learn to do "binary arithmetic" 
with the aid of only 6 rules, whereas he must 
know 100-odd rules to do the same thing with 
decimal arithmetic. You can see that the 
reliability of a machine which has to perform 
only 6 operations is certain to be much greater 
than that of a machine which must perform 
110 different operations. 

Digital computers are made up of basic 
units such as diodes, relays, magnetic cores, 
or flip-flop circuits. All of these basic units 
or elements have one thing in common— they 
have only two possible states. They are either 
ON or OFF, conducting or not conducting, or 
energized or deenergized. All of these devices 
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are used to count and to control operations. 
Figure 19-2 shows some of the binary elements 
used in digital computers. Another basic unit 
which we personally can use as a counter is 
the finger. It can do only one of two things: 
it can be raised or lowered. No other finger 
positions can be considered to have any meaning. 
If it is raised, we say that it has value; if it 
is lowered, it has no value. It is therefore a 
binary element. We are fortunate in that we 
ordinarily have ten of these binary units which 
provide us with a readymade binary digital 
computer. By using only the fingers of two 
hands we can count to, any number between 
zero and 1023. We can do this by assigning 
values to the fingers of each hand. We call 
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this number assignment process "coding". 
Let the thumb of the right hand represent one, 
then the second finger represents twice the 
value of the first, or 2. The third finger 
represents twice the value of the second, or 
4. Continue assigning each finger of the right 
hand twice the value of the one before it, 
as shown in figure 19-3. Then assign each 
finger of the left hand a number as indicated 
in the drawing. Note that each value we assigned 
to a finger is 2 times as great as the one 
preceding it. A quick look at the number 
sequence shows that the terms in the sequence 
are powers of the number 2. Thus, 

1 = 2° 

2 = 21 
4= 22 
8 = 2 3 

16 = 2 4 
etc. 

This arrangement is often called the 8 4 2 1 
Code, after the four lowest quantities. Other 
names for this code is the Pure Binary Code, 
or the Pure Binary Number System. A number 
that is represented by this code is a binary 
number. 

WEIGHTING VALUES 

It is more convenient to use symbols instead 
of fingers to represent binary numbers. A 
raised finger represents 1, and 0 is represented 
by a lowered finger. Remember, we can do 
this because the finger is a binary unit; it 
can have two states. The value of each finger 
position is shown in the table in figure 19-4. 
This value is called the digit position weighting 
value, weighting value, or weight for short. 

Consider the top binary number, 0000010101. 
We can find its value simply by adding the 
128 ^ - 4 




512 



12.128 



Figure 19-2.— Binary elements. 



12.127 



Figure 19-3. -The 8 4 2 1 code. 
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weighting value of each position that has 1 
below it. Adding from RIGHT to left, we obtain: 

21 = 16 + 4 +1 

Thus, 

0000010101 = 21 

The values of the other binary numbers in the 
table are determined in the same manner. 
Just for drill, why don't you check them out 
on your fingers. Figure 19-5 will give you 
some answers. 

Here's another way of considering the binary 
code. As you can see in figure 19-3. each 
digit (1 or 0) in a binary number has a different 
digit position weighting value above it. We can 
multiply each digit by its weighting value, add 
all the products, and note the result. Using 
0000010101 again, we obtain: (0x512) + (0x256) 
+ (0x 128) +(0 x 64)+ (0 x 32)+ (1 x 16) + (0x8) 
+ (1x4) * (0x2) + (lxl) =16 + 4 +1-21. This 
is the same value that we obtained before. 



One more point must be noted. By con- 
vention, weighting values are always arranged 
in the same manner. The highest one is on 
the extreme left, and the lowest one is on 
the extreme right. Thus, position weighting 
values begins at 1, and increases from RIGHT 
to LEFT. This convention possesses two very 
practical advantages. First, it enables us to 
eliminate the table. We do not have to label 
each binary number with weighting values, 
because we know that the digit at the extreme 
right is always multiplied by 1, the one to 
its left is always multiplied by 2, etc. Second, 
we can often eliminate some of the zeros. 
Notice that the zeros, whether they are to 
the left or the right, never add to the value of 
the binary number. Zero times any number is 
zero. Thus, for practical purposes, only the 
l's have to be multiplied by their weighting 
values, and added to each other. Some zeros 
are required, however. The zeros to the right 
of the highest valued 1 serve as place-keepers, 
or spacers, to retain the I s in their correct 



434 



Chapter 19- INTRODUCTION TO COMPUTERS (PART II) 




= OOOOOIOIOI = 21 



= 0000000000 = 



= I I I I I I I 1 1 1 = 1.023 



= IOOOIIIOOO = 568 




= 0000000101 = 



Figure 19-5. — Finding the value of the binary number. 



n.i30 



positions. However, the zeroes to the left 
provide no information about the number, and 
so they can be eliminated. Thus, OOOOOIOIOI 
can be written as 10101. 



Significant Digits 

The correct name fof the left- most 1 in any 
binary number is the Most Significant Digit. 



This is often abbreviated as MSD. It is the 
''most significant'' because it is multiplied by 
the highest digit position weighting value. The 
Least Significant Digit (LSD) is, as you have 
probably guessed, the extreme right digit. 
Unlike the MSD, it may be a 1 or a zero. 
The LSD has the lowest weighting value, namely 
1. Figure 19-6 illustrates the meaning of MSD 
and LSD. These terms possess the same 
meanings in both the binary and decimal systems. 
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Figure 19-6.— The most significant digit (MSD) 
and the least significant digit (LDS). 

CONVERTING FROM DECIMAL TO 
BINARY 

Obviously it is necessary to convert (by 
hand or mechanically) from the decimal to the 
binary system when making an input to a 
binary digital computer. Also it will be neces- 
sary to convert binary digital results to decimal 
form to produce a usable output. 

Here, and in NavPers 10069, Mathematics, 
you learned that our decimal system of Hindu- 
Arabic characters is to the base 10. There are 
10 digits in this system. Each place in a 
decimal number represents a power of 10 
starting with 10^. The digits give the frequency 
of the power of 10 for the particular place. 



For example: 
(4 208) 

9 i 10-*— Indicates number is to the base 
ten 



8x10 = 8x1 = 8 
0 x 10 1 = 0 x 10 = 00 



2 x 10 = 2 x 100 = 200 



x 10 = 4 x 1000 = 4000 



(4208) or 4208 



For example: 
MSD LSD 



( 



010 



2 ^-Indicates number is to the base 
two 

Decimal Equivalent 



1x2° = 


1 x 1 = 


1 




1x2 = 


2 


x2 2 = 


Ox 4 = 


0 


x2 3 = 


1 x 8 = 


8 


x2 4 = 


0 x 16 = 


0 


x2 5 - 


1 x 32 = 


32 



(43) 1Q or 43 



In the previous example, besides showing 
you how each place in a binary number repre- 
sents a power of two, we also converted a 
binary number to its decimal equivalent. Now 
let's convert a decimal number to a binary 
number. We will convert the decimal number, 
173, to its binary equivalent. 

Thus, 

(173) 1Q = 128 + 45 

= 2 7 ^32 + 13 

7 ^ 
=2 +2* + 8 + 5 

= 2 ? +2 5 +2 3 + 4 + 1 

■ 2 7 +2 5 +2 3 + 2 2 , 2° 



(10 10 1 1 0 1 ) r 



2 7 2 6 2 5 2 4 2 3 2 2 2 1 2° 



You just learned a moment ago that the 
binary system is to the base 2, and that 
there are only two digits in this system. 
Each place in a binary number represents a 
power of two, starting with 2^ 



This process of converting a decimal number 
to a binary number is known as the subtraction 
method. First, find the highest power of two 
that can be subtracted from 173. In this case, 
it is 2? or 128. You successively subtract 
the highest power of two that can be taken 
from the remainder. The powers of two that 
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can be subtracted are noted by a "one." 
Zeros occupy the spaces not used. 

Decimal to binary conversion, as you have 
seen, is an easy process. In the following 
section you will learn to add binary numbers. 
If you memorize a few simple rules, you will 
find binary addition is also a simple process. 

BINARY ADDITION 



each of the binary numbers to decimal form, 
adding them in a decimal column with the binary 
addition as proof. After a little practice you 
may find that you can add binary numbers 
faster than you can decimal numbers. So 
much for the addition of binary numbers using 
the paper- and-pencil method. In the next section 
you will see how adding is done by a simple 
binary digital computer. 



Binary digital computers can add, subtract, 
divide, and multiply. In the interest of brevity, 
we will discuss only binary addition. Now 
let's consider the following pencil-and-paper 
addition of two binary numbers. 



carried 



10 =2 

11 =3 



101 =5 

This addition is easily accomplished by 
observing these simple and logical rules: 

0 and 0=0 

0 and 1 = 1 

1 and 0 = 1 

1 and 1=0 and carry 1 

In the above example we first add the two 
digits in the first place column to get the 
result of 1. Then we add the two digits in the 
second place column, using the last rule listed, 
with a result of 0 and carry 1 to the next 
column on the left. 

Here's another more complex example: 



® (D ® CD 



carried 



10 1=5 
111=7 
1 1 1 1 = 15 



1 1 0 1 1 = 27 



Study these examples and make up a few 
of your own. Make sure you understand the 
binary addition process and then try converting 



Binary Addition Using a Device 

Fundamentally, a digital computer is an 
electronically operated machine or system that 
receives data and processing instructions, then 
performs arithmetical and logical operations 
to produce required answers. It performs these 
operations by its ability to rapidly count elec- 
trical pulses which represent numbers (binary 

digits). A pulse as commonly used in digital 
computer practice is a d-c voltage that rises 
very sharply from zero to maximum value, 
falls equally sharply to zero, lasts only a 
few microseconds or less, and may repeat 
500 times or more per second. These pulses 
are the same basic type used as timing pulses 
in a radar. In fact, the pulse generating 
and wave shaping circuits in a digital computer 
are similar to those used in other types of 
radar systems. 

One of the basic circuits in digital computers 
is the FLIP-FLOP, also called bistable multi- 
vibrator, Eccles-Jordan trigger circuit, and 
other terms too numerous to mention. The 
flip-flop circuit, if you will remember from 
your study of chapters 8 and 9, has a circuit 
arrangement of two triodes (or transistors) and 
other components. Here we will review its 
characteristics when a negative pulse is applied 
to the input (fig. 19-7). 

When the flip-flop is off (fig. 19-7), Vlb 
is not conducting and its plate voltage is nearly 
equal to the+B supply voltage (small current 
flows through R4). The neon indicator is out. 
The voltage division across R2, R6, and R4 
makes the VIA grid- voltage across R2 only 
slightly more than the drop across Rk, and 
VIA is forward biased and conducting (reset 
condition). The VIA plate voltage is low due 
to the relatively large drop across R5. The 
voltage division across R5, R7, and Rl, makes 
the Vlb grid voltage across Rl considerably 
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Figure 19-7.—Bi-stable multivibrator (flip-flop). 
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less than the drop across and biases Vlb 
to cutoff. 

The neon indicator will glow when a short 
negative input pulse triggers VIB into con- 
duction ("1" or "set" state). The negative 
pulse momentarily impresses a voltage via 
CR2 on the VIA grid which cuts off VIA. 
The rise in VIA plate voltage is impressed 
on the VIB grid via Rl of voltage divider 
R5, R7, Rl, and triggers VIB into conduction. 
The accompanying decrease in VIB plate voltage 
(due to increased drop across R4) causes a 
decrease in the VIA grid voltage across R2 
of voltage divider R4, R6, R2 below the magnitude 
of the voltage across Rk to bias VIA to cutoff 
after the negative pulse across R2 has ceased. 
The multivibrator will remain in the "1" or 
"set" state (VIB on) until the next negative 
input trigger is applied. 

Diodes CR1 and CR2 prevent positive input 
pulses from getting to the grids and also 
direct the negative trigger pulses to the con- 
ducting triode. For example, a negative trigger 
applied to the multivibrator when it is in the 
"zero" or resting state (VlAon. reset condition) 
will encounter diode CR2 in a conducting con- 
dition due to forward bias developed across 
R2 as a result of voltage divider action across 



R2, R6, and R4. At the same time CR1 is 
back-biased by an amount equal to the excess 
of the voltage across R^ over that across Rl. 
Thus, the negative trigger is initially blocked 
from VIB; it is immediately effective on VIA 
and cuts off VIA. Diode CR1 is back-biased 
until the input pulse nears its peak; the effect 
of the negative pulse added to the already 
negative VIB grid (with respect to cathode) 
is small compared to the positive pulse from 
the VIA plate. The rise in VIA plate voltage 
comprises the positive pulse that triggers 
VIB into conduction as previously noted. Thus, 
the first negative input pulse causes the flip- 
flop (FF) to change from the "reset" ("0") 
condition (VIA on and VIB off) to the "set' T 
("1") condition (VIB on and VIA off). Because 
the output is coupled to the VIA plate the initial 
trigger causes the output pulse to go positive. 
This pulse is not a useful output to a second 
stage identical to the first because the diodes 
block it. 

A second trigger applied to the input of the 
FF will cause it to go from the "set" or "1" 
condition (VIB on and VIA off) to the "reset" 
or "0" state (VIB off and VIA on). The 
accompanying decrease in the VIA plate voltage 
comprises a useful output pulse that will not 
be blocked by the diodes in the following stage. 
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Thus, we can say that the FF has a useful 
output when ,going from set (1) to reset (0), 
but no useful output when going from reset 
(0) to set (1). 

Summarizing this action, the flip-flop circuit 
is BISTABLE; , this means that when it is 
energized it has two stable states. In one 
it has an output; in the other it doesn't. When 
you feed it a single pulse, it changes from 
one state to the other. Feed it a second pulse, 
and it will change back to the original state. 
Because it does this, you can arrange a series 
of flip-flops so that they will add the pulses 
and show the sum in binary form. 

Assume that four flip-flop circuits like that 
of figure 19-7 are connected in cascade to form 
a four-digit binary counter, as in figure 19-8. 
Neon indicators may be used to indicate a 
"1" or "set" condition when they are glowing; 
or a "0" or "reset" condition when they are 
off. The four indicators may be read from 
left to right as a four-digit binary number. 
The input pulses to be counted are applied 
to the right-hand flip-flop, which represents 
the least significant digit. 

Assume that all four flip-flops are in the 
zero (reset) condition (upper triodes off), and 
that a negative pulse appears "at the input. 
FY i changes state, reset to set, and its indicator 
goes on; but FFj produces no output, and the 
other three flip-flops continue to indicate zero. 
The four indicators may be red as a binary 
number: 0001. With the second input, FFi 
returns to zero, and provides a negative- 
going input to FFg. FF2 changes to the "one" 
state, but produces no output. The binary indica- 
tion is now 0010 (the binary equivalent of decimal 

2) , indicating that two inputs have been counted. 

With the third input, FFi changes to the 
"one" (set) state. But it produces no output. 
FF2 therefore remains in the "one" state, 
and the binary indication is now 0011 (decimal 

3) . On the fourth input. FFi returns to zero 
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Figure 19-8. — Binary counter using bi-stable 
flip-flop. 



(set to reset) and produces an output. FF2 
returns to zero (set to reset) and also produces 
an output. FF3 changes to the "one" state 
(reset to set), but produces no output. The 
binary indication is now 0100 (decimal 4). 
And so on. 

After fifteen inputs, the neon tubes will 
indicate the binary number 1111 (decimal 15). 
On the sixteenth input, FFi changes to zero 
and produces an output; FF2 therefore changes 
to zero and produces an output; FF4 therefore 
changes to zero and produces an output, which 
changes FFs to zero. The counter therefore 
returns to its original state (0000) after sixteen 
inputs. If a fifth flip-flop were added, receiving 
its input from FFs. the counter could count 
up to 11111 (decimal 31), and return to the 
original state on the 32nd input. And so on. 

To repeat, in zero condition, all the flip- 
flops are "OFF" or in the reset condition 
(See part A of fig. 19-9). Now let three pulses 
go into the flip-flops, which are arranged in 
series (part B of fig. 19-9). The first pulse 
turns No. 1 from nonconducting, OFF, to con- 
ducting, ON. This action energizes the neon 
lamp associated with the first flip-flop. The 
second pulse to No. 1 causes it to go from 
"1" to "0" and to produce an output to No. 2, 
switching it ON. The third pulse switches 
No. 1 ON again. 

After three pulses, the indicator lamps for 
flip-flops Nos. 1 and 2 are ON, while Nos. 
3 and 4 are dark. If a glowing lamp equals 
1 and a dark lamp equals 0, the binary indication 
is 0011. This corresponds to 3 in the decimal 
system. 

Now let 5 more pulses go into the flip- 
flops. The first pulse of this group of 5 
produces outputs from Nos. 1 and 2. since 
they are OX. and switches No. 3 to ON, 
but in going through, it turns Nos. 1 and 2 
to OFF. The second pulse of the 5 merely 
turns No. 1 ON (no output). soth<*tthe indication 
is 0101 which is 5 in binary notation. You can 
follow this same sequence, with the assistance 
of your fingers and your knowledge of the 
powers of two, to 8, at which point the flip- 
flops will indicate 1000, as shown in part C 
of figure 19-9. 

This example illustrates the counting function 
possible with a series of flip-flops. With 
modifications and elaborations of this and the 
addition of other circuits it is possible to perform 
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all the fundamental arithmetic operations. Note 
too that the flip-flops are capable of storing 
information. In other words, they have memory. 
In this case they remembered the binary word 
for 3 until the pulse train representing 5 came 
along. These two numbers were added and the 
binary sum was stored. In the digital computer 
the unit which stores a number, then adds 
another number to the stored number, and 
then stores the sum of the two, is called an 
accumulator. 

BASIC LOGIC CIRCUITS 

Digital computers are used to make logical 
decisions (but not to reason) about matters 
which can be logically decided upon. Some 
logical decisions that a computer may be 
required to make are (1) when to perform 
an operation; (2) what operation to perform; 
and (3) how (of several ways) to perform it. 
Keep in mind that machines never reason why. 
They operate from instructions prepared by a 
man interpreting them to determine what 
decisions are to be made. 

In order for the computer to make logical 
decisions or perform logical operations the 
proper information must be given it. The 
information given to the computer is called 
the "program/' The program is a series of 
coded instructions which are stored in the 
computer's memory and they tell the computer 
how to store, locate, process, and present 
the data it receives. Solutions to various 
problems are solved basically by means of 
logical truths. 

LOGICAL TRUTH differs from ordinary 
truth in that we not only deal with facts, but 



also in suppositions based on facts. For 
example, the statement "sugar dissolves in 
water' ' is an ordinary truth. Here, however, 
certain things are understood— the amount of 
sugar is much smaller than the amount of 
water; if we tried to mix a whole bag of sugar 
with a teaspoonful of water, all of the sugar would 
not dissolve. The computer cannot operate by 
understanding such limiting conditions, unless 
these conditions are given to it so that it may 
form a logical truth pattern to work from. 

Many logical truths are used by people 
everyday without their realizing it. Most of 
our simpler logical patterns are distinguished 
by words such as: AND, OR, NOT, if, else, 
then. In mathematical terms these logical 
patterns may be indicated by plus, minus, 
times, divided by, or combinations of these 
terms. 

If a set of statements is made, it is possible 
to set up a table that will determine what is 
known as the truth values of these statements. 
In setting up this table, it is necessary to use 
some of the logical connectives, such as AND. 
OR, NOT, etc. In the end we would have a 
table that would list the truth or falsity of 
each of the conditions of the statements that 
we were considering. 

It is possible to set up mathematical rela- 
tions of the truth values of statements and 
perform mathematical operations on these state- 
ments. This study of mathematical logic is 
called the algebra of logic. 

In 1847, a mathematician named George 
Boole demonstrated that when logical state- 
ments are written in certain symbolic forms, 
these symbols can be manipulated very much 
like algebraic symbols. 
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There are many different types of symbolic 
logic, but for our purposes only one type will 
be described. This is the type that is used 
in most computers, and we will refer to it 
as either symbolic logic or Boolean algebra. 

In the arithmetic with which you are familiar, 
there are four basic operations: adding, sub- 
tracting, multiplying, and dividing. In Boolean 
algebra there are only three basic operations: 
AND, OR, NOT. If these phrases do not sound 
mathematical, it is only because of the fact 
that logic began first with words, and not 
until much later was it translated into mathe- 
matical terms by Boole. You will find that 
the three basic logical operations are very 
similar to the words used to describe them. 

For convenience, the familiar arithmetic 
symbols are used for two of the Boolean algebra 
operations. 

Thus, 

AB means A AND B 

A + B means A OR B 
Notice that the OR operation is indicated by the 
addition symbol, while the AND operation is 
indicated by the multiplication symbol. If desired 
we can use any of the multiplication symbols, 
such as the parentheses or the dot, to indicate 
the AND operation. 
Thus, 

(A + B)(C) means A OR B, and C 
A ■ B means A AND B 
The NOT operation is indicated by a bar over 
the letter. 
Thus, 

A means A NOT, while AB means A AND 
B NOT 

AND Circuit 

We are going to illustrate the three basic 
logical operations by using simple electrical 
circuits. Look at figure 19-10. Here, you see 
a circuit designed to light a lamp. In this 

AND r «. * H f*" tl *N JNj, 
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Figure 19-10. — The AND circuit. 



instance, series switching is used to represent 
an AND circuit. The open condition of each 
switch may be signified by 0. The closed 
condition of each switch may be indicated by 
1. The absence of current in the lamp is 
signified by 0 and the presence of current by 
the symbol 1. A truth table may be used 
to list the combinations of conditions and their 
results. A truth table is a shorthand method 
of describing a logic circuit's complete function. 
If you study the table shown in the figure for a 
moment, you can see that the AND circuit 
represents MULTIPLICATION. In this circuit 
if a switch is open, it will be shown in the 
truth table as 0; if it is closed it will be shown 
in the table as 1. A 0 in the output column 
indicates no-flow of current and 1 shows that 
current is flowing in the circuit. By referring 
to the table, you find that there is just one 
condition of the switches that allow current 
to flow through the lamp (output). This con- 
dition exists when switches "A" AND "B" 
are both closed. 

OR Circuit 

The OR circuit represents addition. If it 
were not necessary to perform the carry op- 
eration in binary addition the OR circuit could 
be used by itself. However, this is not the case, 
so OR circuits must be used in combination 
with AND and NOT circuits to perform addition 
of numbers that require a carry. 

We can represent an OR circuit electrically 
by using two single-pole knife switches connected 
in parallel as shown in figure 19-11. There 
is an output signal at F if an input signal is 
placed at A OR B. In this case, placing a 
signal at a point in the circuit means closing 
a switch. We have used only two inputs to keep 
the illustration simple; however, there can 
be any number of input signals to an OR circuit. 
Any one or more of these input signals can 
produce an output signal. 



NOT Circuit 

The last of the basic logic circuits that 
we will briefly cover is the NOT circuit. 
The requirements of a NOT circuit are that 
a signal injected at the input produce no signal 
at the output, and that no signal at the input 
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Figure 19-11. — The OR circuit. 

produce a signal at the output. A switch 
and a relay, for example, can be connected 
as shown in figure 19-12 to form a simple 
NOT circuit. If we identify a closed contact 
as a signal and an open contact as no signal 
you can easily see that this connection fulfills 
the binary requirements of a NOT circuit. 
A signal (closed contact) at its input produces 
NO signal (open contact) at its output, and vice 
versa. The truth table shown in figure 19-12 
illustrates the shorthand method of describing 
the NOT circuit's function. The symbol "A" 
(read "A NOT" or "bar A") means the opposite 
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of A. This opposite or inverted condition of A 
points out the reason why the NOT circuit is 
sometimes called an INVERTER. 

Another familiar example of a NOT or 
inverter is a simple triode vacuum tube circuit. 
As you know, phase inversion takes place in 
it. With a positive signal applied to the control 
grid, the output is a negative signal. 

ORGANIZATION OF A BASIC 
DIGITAL COMPUTER 

Figure 19-13 shows a block diagram of an 
elementary digital computer. Most digital com- 
puters contain the basic sections shown in the 
diagram. If a machine is to be called a 
computer, it must be capable of performing 
some type of arithmetic operations. For the 
purpose of organization, the elements of a 
digital computer that will meet this require- 
ment will be classified as the ARITHMETIC 
unit. 

We must be able to control the operation of 
the arithmetic unit so that it can accomplish 
the desired task. Consequently, a CONTROL 
unit is necessary. 

Since the arithmetic unit performs a math- 
ematical operation, it may be required to store 
a partial answer while the unit computes another 
part of the problem. This stored partial answer 
can then be used in another section to solve 
another part of the problem. It may also be 
desirable for the control unit and the arithmetic 
unit to have information available for their 
use and for use by other units within the 
machine. To meet this requirement, the 
computer must contain elements that are capable 
of memorizing or storing information. These 
elements are included in the MEMORY unit. 
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Figure 19-12.-The NOT circuit. 



Figure 19-13.— Organization of a typical 
digital computer. 
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The digital computer is built for the purpose 
of serving humans in some manner. Therefore, 
there must be some method of transmitting 
our needs to the computer and of receiving the 
results of the machine's computations. The 
components that perform these functions are 
called the INPUT-OUTPUT units. 

The name "arithmetic unit" does not imply 
that the circuits that perform arithmetic oper- 
ation are physically lumped together. In fact, 
it is possible that a particular circuit may 
operate during one moment as part of the 
arithmetic unit while during the next moment 
that circuit may function as part of the control 
unit. 

It is extremely important that the machine 
operate at high speed. In order to accomplish 
the required tasks within a reasonable length 
of time, the computer must possess a certain 
minimum speed of operation. 

ARITHMETIC UNIT 

Basically, the arithmetic unit of the digital 
computer is the operational unit. It performs 
the actual work of computation and comparison. 
It can do its job by counting pulses, or by 
using logic circuits. Modern computers employ 
components such as electron tubes, crystal 
diodes, and transistors. Switches and relays 
have been used in the past, and they are 
acceptable as far as their ability to perform 
computations are concerned. However, because 
of their greater speed and smaller size, modern 
computers tend to make use of electronic 
components wherever possible. Therefore the 
arithmetic unit of the present day computer 
is made up of such operational elements as 
binary counting circuits, and logical AND, OR, 
and NOT circuits. 

CONTROL UNIT 

The control unit of the digital computer is 
the administrative, or switching section, of the 
computer. It receives the incoming information 
that enters the machine, and decides what is to 
be done and when to do it. It tells the arithmetic 
unit what to do and where to find the necessary 
information. It decides when the arithmetic 
unit has completed following its instructions. 
The control unit decides what to do with the 
results, and tells the arithmetic unit what to 



do next. The control unit contains the switching 
and gating circuits that are required for its 
operation, and it also contains the basic timing 
generators. 

The control unit contains many circuits 
found in the arithmetic unit. Some of the 
arithmetic and control circuits may be so 
closely interrelated that it is difficult to tell 
one from the other. With the exception of a 
few completely automatic operations, every- 
thing that happens in the machine is noted 
by the control unit. This unit might possibly 
be distinguished from the arithmetic unit by 
the fact that it contains a greater number of 
electrical connections, as well as a greater 
number of switching or gating circuits. How- 
ever, in general, the circuits of the control 
unit are very similar to those in the arithmetic 
unit. 

MEMORY UNIT 

The memory unit, sometimes called the 
storage unit, provides information to both the 
control unit and the arithmetic unit. The 
terms "memory" and "storage" may be used 
interchangeably. The Instruction book for a 
certain digital computer may refer to the 
physically separate magnetic tape units as 
storage units and to the magnetic cores or 
drums that are inside the machine as memory 
units. This does not necessarily mean that there 
is any real difference between the definition 
of memory and that of storage as applied to 
digital computers. Here, we will define this 
storage function as memory. 

The requirements of the memory unit may 
vary considerably within one machine. When 
the arithmetic unit is multiplying two numbers, 
each containing more than one digit, it performs 
a series of additions for each digit within the 
multiplier. The memory unit "holds" that 
information until the required addition has been 
performed for the next digit, and the unit then 
adds these two results. The word "hold'* 
implies that the memory unit has the ability 
to remember. It is not incorrect to say that 
the section of a computer that holds information 
until the arithmetic unit is ready for it is 
the memory unit. The memory unit may merely 
consist of a series of capacitors that store a 
charge for the required period of time, or it 
may consist of a unit, such as an accumulator, 
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that stores data in the form of static d-c 
voltages at the output of the flip-fiop circuits. 
The memory could be stored on a length of 
magnetic tape that is wound on a reel or on 
the magnetic surface of a revolving drum or 
disc. Whatever this unit may be, it stores 
information until it is needed. 

In other computations, the arithmetic unit 
may be required to refer to numbers that have 
been used previously. Since one of the re- 
quirements is speed of operation, it would be 
better if we could avoid having to reinsert 
this value each time it is to be used. Conse- 
quently, it is made available for the arithmetic 
unit within the machine by means of local 
storing. Also it is possible to store all of the 
information and instructions needed to perform 
the desired computations. 

Information can be stored in many ways 
other than those that have been mentioned. The 
equipment may use gas-filled tubes, punched 
paper tape, magnetic cores, photographic film, 
or even relays and switches. 

INPUT DEVICES 

Input devices insert the values with which 
we are concerned, together with the instructions 
for their use, and the relay them to the 
control unit. The output devices record, in 
some manner, the results of computer oper- 
ations. These results may be recorded in 
permanent form or they may be used to initiate 
some type of direct physical action. 

Input unit requirements are complex. For a 
small computer, a manually operated keyboard 
may be considered sufficient. Other computers 



may use cards in which holes have been punched 
according to a prearranged sequence. The 
number and location of the holes in the card 
convey the desired information to the control 
unit. In some systems, instructions may be 
prewired on a removable plugboard that is 
attached to the computer. Cards may also 
contain typed or written information intended for 
purposes other than providing data input to 
the computer. The punched paper tape, which 
is similar in principle to the punched card, 
is used to feed information into the computer. 
This method does not provide as great flexibility 
as the punched-card system. If a more rapid 
means of input is required, magnetic tapes 
may be used. 

OUTPUT UNITS 

Any one of the previously mentioned input 
devices could be used to take the information 
out of the machine and record it. The output 
section translates the answers into appropriate 
forms— such as holes in punch cards or tapes, 
magnetic patterns on tape, and characters 
produced by electric typewriter. The output 
section contains tranducers, card punch or tape 
punch units, magnetic recording heads, and 
other devices as required. 

In conclusion, computers can be constructed 
from many basic components, some of which 
you are already familiar with. They can be 
designed to perform many kinds of Jobs. How- 
ever, the organization of the computer must 
fulfill the basic fundamental requirements of 
arithmetical ability, control, memory capacity, 
and necessary input and output equipment. 
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Training films that are directly related to the information presented in 
this training course are listed below. Under each chapter number and title 
the training films are identified by Navy number and title and are briefly 
described. Other training films th-\t may be of interest are listed in the 
United States Navy Film Catalog, NavPers 10000 (revised). 

Chapter 1 

OPERATING PRINCIPLES OF THE ELECTRON TUBE 

MA-2031A Vacuum Tubes — Elementary Electron Theory and the 
Diode Tube. (16 min. — B&W —Sound— Unclassified— 194 2.) 
USAF TF1-470. Shows, by animation, how the electron 
theory is applied in the diode tube and how half wave and 
full wave rectification is obtained with this tube. 



MA-2031B Vacuum Tubes — The Triode and Multipurpose Tubes. (14 
min.-B&W-Sound-Unclassified- 1942.) USAF TF1- 
471. Parts of the tube are pointed out and grid bias, 
amplification, and several varieties of the triode are 
shown and explained. Both straight photography and an- 
imation are employed. 

SA-2519A Vacuum Tubes — Part 1 — Fundamentals. (126 frames — B&W — 

Silent-Unclassified- 1943.) USAF FS 1-177. Describes 
the following: Edison effect; electron emission; operation 
of the diode, triode, and tetrode tubes; pentode special 
purpose tube; and, the cathode ray tube. 

SN-650 Vacuum Tubes . (37 frames — B&W —Silent- Unclassified- 

1942.) Describes theory of operation of vacuum tubes 
and function in the radio circuit. 

S N - 1 5 4 0G Radio Technicial Tra inin g — Sp e cial Pu rpo se Vacuum Tubes . 

(19 min. — 75 frames — B & W — Sound — Unclassified— 194 3.) 
Explains construction and use of various vacuum tubes; 
pointing out that size, uses, and models are multiple. 



ME-6092E Engineering Electronics — No. 3— The Triode Amplification. 

(14 min.-B&W-Sound-Unclassified- 1945.) USOEOE- 
177. An elementary film which discusses parts of the 
triode (grid, cathode, and anode), and explains effect upon 
amplified output of variations in grid current. Use of 
tube as DC or AC voltage amplifier is considered. 
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Chapter 2 
INTRODUCTION TO TRANSISTORS 



MN-8479A Transistors — P - N Junction Fundamentals . (11 min. — B&W — 
Sound — Unclassified— 1957.) Introduces the theory and 
mechanisms of semi-conductor diode and transistor 
action. Discusses the fundamental principles that apply 
to all transistors and junction rectifiers. 

MN-8479B Transistors- Triodo Fundamentals. (10 min.-B&W — 
Sound— Unclassified— 1957. ) Shows how junction tran- 
sistors, or triodes, consist of three sections with two 
P-N junctions separating them. Discusses the funda- 
mentals of this arrangement as an amplifying device. 

MN-8479C Transistors — Minority Carriers . (10 min. — B&W —Sound- 
Unclassified— 1958. ) This film introduces the principle 
of minority carriers, showing how they produce a small 
reverse current under normal conditions. It demon- 
strates the limitations imposed on transistor behavior 
by minority carriers when the transistor is heated or 
loaded. 



Chapter 3 

POWER SUPPLIES FOR ELECTRONIC EQUIPMENTS 

MN-8611B Radio Set AN'/GRC- 14- Theory of Operation. (19 min.- 
B&W — Sound — Unclassified— 1959.) This film shows the 
theory of operation and the circuits of the Radio Set 
AN/GRC- 14(AN/MRC-55) transmitter. The set includes 
a transmitter, two receivers, a power supply and remote- 
control units. All of these units employ familiar, con- 
ventional circuits except the transmitter. 

MA-8862C Radio Set AN/GRC- 26— Part 3-Operation Power Plant and 
Starting Operation . (4 min. — B&W —Sound — Unclassified — 
1958.) US Army TF 1 1-2491. This film discusses the 
features and function of the PE-95 Power Plant of the 
Radio Set AN/GRC- 26, showing how it is started and how 
it operates to feed power to the equipment in the shelter. 



Chapter 4 
TUNED CIRCUITS 

SN-649 Tuning— Radio . (27 frames — B &W —Silent — Unclassified — 

19 12.) Describes theory of tuning radio circuit. 

SN-647 Inductive Reactance . (33 frames — B&W — Silent — Unclassi- 

fied— 1942.) Explains basic theory of inductive reactance 
and application to radio instruments. 

SN-648 Capacitive Reactance . (29 frames— B&.W —Silent— Unclas- 

sified— 1942.) Explains basic theory of capacitive react - 
ance and application to radio instruments. 
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MN- 1540A 



MN- 1540B 



MN- 1540C 

CO 
m 



MN- 1540N 



MA-8273 



MN-8018A 



MN-8018B 



MN-8018C 



Radio Technician Training — Capacitance— Part 1 and Part 2. 
(15 min. each part-B&W —Sound- Unclassified— 1943.) 
Demonstrates flow of electrons through circuit and charg- 
ing and discharging condensers. Variations of charge on 
condenser in relation to time and the behavior of capac- 
itance with alternating current are discussed. (Accom- 
panied by film strip SN- 1540AA) 

Radio Technician Training— Inductance — Part 1 and Part 2. 
(18 min. each part — B &W —Sound— Unclassified — 1943.) 
Shows by means of straight photography and animation 
how magnetic force reacts around a coil. Explains self- 
inductance, how to increase value of it, and how to in- 
crease the inductance of coil. (Accompanied by film strip 
SN- 1540AB) 

Radio Technician Training — RCL — Resistance, Capacitance — 
Part 1 and Part 2 . (14 min. — Part 1 — 21 min. — Part 2 — 
B&W— Sound— Unclassified— 1943.) Explains current and 
voltage in relation to time; voltage and current curves; 
how current leads voltage and voltage leads current in 
different instances, and relation of current and voltage. 
Shows graphic method measuring voltage at source, addi- 
tion of phase components, and effect of impedance on 
resonance. (Accompanied by film strip SN- 1 540AC) 

Radio Technician Training— Vectors . (12 min. — B&W — 
Sound— Unclassified— 1945.) Film defines a vector as a 
line indicating direction and quantity, as a force or 
movement, and explains how vectors may be added to 
produce a resultant of different quantity and perhaps dif- 
ferent direction. A number of analogies from carnival 
entertainments emphasize concepts involved. 

Tuned Circuits . (28 min. — B&W — Sound— Unclassified — 
1954.) US Army TF 1 1-1831. Shows theory and applica- 
tion of resistive, capacitive and inductive circuits, with 
DC and AC, series, series resonant and parallel resonant 
tuned circuits. 

Basic Electricity— Inductance in AC Circuits . (7 min.— 
B&W — Sound-Unclassified— 1959.) This film gives the 
definition of inductance and explains its cause and effect 
in an AC circuit. It defines and illustrates inductive re- 
actance, factors that affect inductive reactance in an AC 
circuit, and the phase relationship between current and 
voltage as a result of the presence of inductance in the 
circuit. 

Basic Electricity— Capacitance in AC Circuits. (5 min.— 
B&W— Sound— Unclassified— 1959.) This film defines 
capacitance and demonstrates how a capacitor works. It 
discusses the physical factors that affect capacitance and 
the effect of capacitance in an AC circuit. It also defines 
capacitive reactance, its effects in an AC circuit, factors 
that affect capacitive reactance, and phase angle. 

Basic Electricity— AC S eries Circuits. (4 min. — B&W — 
Sound- Unclassified— 1959.) This film shows the element s 
of an AC series circuit, and demonstrates by sine waves 
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and circuits, the effects upon and phase relationship be- 
tween current and voltage. Using an LCR circuit, it 
examines the effects of voltage shows what the generator 
sees when XL exceeds XC and when XC exceeds XL. It 
also demonstrates a series resonant circuit using a LCR 
circuit where XC and XL are equal. 

MN-8018D Basic Electricity- AC Parallel Circuits. (5 min.— B&W- 
Sound— Unclassified— 1959.) This film shows the ele- 
ments of an AC parallel circuit. It examines the effects 
of current and shows what the generator sees in the fol- 
lowing circuits: LC parallel circuit, where XL exceeds 
XC; an LCR parallel circuit, where XC exceeds XL; and 
an LCR parallel circuit, where XC equals XL. 

MA-8473 Radio Sets AN/PRC 8, 9 and 10 . (26 min. -B&W— Sound- 

Unclassified- 1955.) US Army TF 11-21 80. Explains 
frequency, operating channels, tuning, operation, main- 
tenance typical installations, tactical employment and use 
of auxiliary equipment. 

MA-8273 Tuned Circuits- (28 min-B&W -Sound-Unclassified- 1954) 

Chapter 5 

INTRODUCTION TO ELECTRON TUBE AMPLIFIERS 

SA-2519C Vacuum Tubes— Part 3— A mplification Fundamentals. (125 

frames-B&W-Silent-Unclassified- 1943.) USAF FS1- 
196. Explains amplification and shows practical appli- 
cations. Shows difference between AF and RF amplifi- 
cation and describes these classes of operation: vacuum 
tube method; obtaining grid bias; voltage coupling 
methods; push-pull operation of tubes. 

MN-8086C Radio Transmitting Sets AN/URT 2, 3, 4- The RF Amplifier 
and Modulator. (7 min — B&W —Sound — Unclassified — 
1955.) Shows how the frequency is amplified in the RF 
amplifier and modulated in the Low Level Radio Mod- 
ulator for both voice and various types of keying modu- 
lation. 

ME-6092E Engineering Electronics — No. 3— The Triode Amplification . 

(14 min. -B &W - Unclassified- 1945.) USOE OE- 177. 
An elementary film which discusses parts of the triode 
(arid, cathode, and anode), and explains effect upon am- 
plified output of variation in grid current. Use of tube 
as DC or AC voltage amplifier is considered. 

Chapter 6 
ELECTRON TUBE AMPLIFIER CIRCUITS 

SA-2519C Vacuum Tubes— Part 3— Amplification Fundamental s. (125 

frames-B&W-Silent-Unclassified- 1943.) USAF FS1- 
196. Explains amplification and shows practical appli- 
cations. Shows difference between AF and RF amplifica- 
tion and describes these classes of operation: vacuum 
tube method; obtaining grid bias; voltage coupling meth- 
ods; push-pull operation of tubes. 
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MA- 1631 



Radio Receivers— 'Principl es and Typical Circuits — Part 1. 
(17 min.-B&W-Sound- Unclassified- 1942.) USAF 
TF 1 — 472. Explains crystal theory and covers amplifi- 
cation, tuned radio frequency superheterodyne, and audio- 
frequency amplification. Both straight photography and 
animated drawing are employed. 



Chapter 7 
AUDIO POWER AMPLIFIERS 



SA-2520 



Radio Receivers. 



(70 frames-B&W -Silent — Unclassified — 
FS1-197. Amplification, selectivity, and 



MN- 15401 



MN-8814D 



MN-8814E 



MN-8086B 



MN-8479D 



1943.) USAF 

fidelity are explained. Shows use of pentode tubes, cou- 
pling methods and manual gain control, push-pull Class 
A phase inversion, inverse feed-back loud speaker, 
superheterodyne sets. 

Chapter 8 
OSCILLATORS 

Radio Technician Training — Oscillators . (13 min. — B&W- 
Sound— Unclas sified— 1945. ) Picture presents an explan- 
ation of basic principles of electronic oscillation. Start- 
ing with a simple tank circuit and adding refinements of 
triode amplifier and grid leak, it is demonstrated that 
oscillations may be started and continued in the circuit. 
Frequency of oscillation may be altered by changing size 
of coil or capacitor in the circuit. 

Electronics — Special Circuits and Device s — Free Running 
Blocking Oscillator C ircuit— Operation. (7 min. — B&W — 
Sound — Unclassified— 1959.) This film shows simplified 
version of action of blocking oscillator. 

Electronics — Special Circuits and Devices — Trigg ered 
Blocking Oscillator Circuit— Operation. (7 min.— B&W — 
Sound — Unclassified— 1959.) This film shows action and 
conditions necessary for triggered blocking oscillator. 

Radio Transmitting Sets AN/URT 2,3,4— The RF Oscillator. 
(17 min. — B&W —Sound— Unclassified— 1955.) Shows how 
the AN/URT series of transmitters generate and modu- 
late carrier frequencies. Describes how the various cir- 
cuits multiply, add, and subtract frequencies to produce 
the final carrier frequency, and how the frequency is am- 
plified in the RF Amplifier and modulated in the Low 
Level Radio Modulator for voice or key modulation. 

Chapter 9 
TRANSISTOR CIRCUITS 

Transistors— Low Frequency Amplifiers . (15 min. — B&W- 
Sound— Unclassified— 1958.) This film shows hew tran- 
sistors are used to amplify low frequencies in common 



4 



BASIC ELECTRONICS 



base, common emitter, and common collector circuits. 
How the transistor functions is explained in detail for a 
common base amplifier and a common emitter amplifier. 
Refined common emitter circuits are also shown. 
MN8479E Transistor s — High Frequency Operation— Amplifier s and 

Oscillators . (14 min. —B &W — Sound — Unclassified — 1959.) 
This film describes how transistors operate in high fre- 
quency amplifiers and oscillator circuits. It shows the 
influence of transit effects in the base, collector capac- 
itance, and base resistance on high frequency perform- 
ance. 

MN-8479F Transistors— Switching . (14 min. — B&W — Sound— Unclassi- 
fied— 1959.) This film shows examples of switching 
circuits in transistorized computers, explaining briefly 
the concept of digital computation and how transistors 
are used. The film includes a more detailed explanation 
of how a simple transistor switch works, minority car- 
rier storage in the base, and how delaying effects of this 
storage are overcome. 



Chapter 10 
MODULATION AND DEMODULATION 

SN-651 Detection— Radio . (33 frames — B&W —Silent — Unclassified— 

1942.) Describes how radio wave is detected and isolated. 

MA-4975 Basic Principles of Frequency Modulation. (30 min. — B &W — 

Sound-Unclassified- 1944.) US Army TF 11-2069. Com- 
pares transmission and reception by amplitude modula- 
tion and frequency modulation. Demonstrate s advantages 
of FM in overcoming static and how this is done. 



Chapter 11 
TRANSMITTERS 

MN-8862E Radio Set AN/GRC- 26-Part 5 — Preparing Transmitter for 
Operation. (5 min. — B&W — Sound — Unclassified— 1958.) 
US Army TF 1 1-2564. This film depicts the preliminary 
steps necessary to prepare the radio transmitter of 
Radio Set AN/GRC- 26 for operation on a demonstration 
frequency of 4280 kc. 

MN-8611B Radio Set AN/GRC- 14- Theory of Operation . (19 min.— 
B&W — Sound— Unclassified— 1959.) This film shows the 
theory of operation and the circuits of the Radio Set AN/ 
GRC-14 (AN/MRC-55) transmitter. The set includes a 
transmitter, two receivers, a power supply and remote- 
control units. All of these units employ familiar, con- 
ventional circuits except the transmitter. 

MN-6756A The Model TPZ Radio Transmission— Tuning . (26 min.— 
B&W-Sound — Unclassified— 1950.) Shows TDZ radio 
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transmission equipment, and presents subject of tuning 
by first charging frequency channel and then adjustment 
of dials on the panel board. 
MN-8086A Radio Transmitting Sets AN/URT 2, 3,4— Introduction . (15 
min. — B&W — Sound — Unclassified — 1955.) Shows the units 
that comprise the three transmitters, the capabilities of 
each and how they are operated in a normal automatic 
condition including the setting up of ten channel frequen- 
cies. Procedures for semi-automatic and manual tuning 
are also shown. 

MN-8086B Radio Transmitting Sets AN/URT 2, 3,4- The RF Oscillator . 

(17 min. — B &W — Sound — Unclassified— 1955. ) Shows how 
the AN/URT series of transmitters generate and modu- 
late carrier frequencies. Describes how the various cir- 
cuits multiply, add, and subtract frequencies to produce 
the final carrier frequency, and how the frequency is 
amplified in the RF Amplifier and modulated in the Low 
Level Radio Modulator for voice or key modulation. 

MN8086C Radio Transmitting Sets AN/URT 2,3,4- The RF Amplifier 

and Modulator . (7 min. — B&W —Sound— Unclassified— 
1955.) Shows how the frequency is amplified in the RF 
Amplifier and modulated in the Low Level Radio Modula- 
tor for both voice and various type s of keying modulation. 

MN-8086D Radio Transmitting Sets, AN/URT 2, 3,4— Automatic Fre- 
quency Selection . ( 14 min. — B &W — Sound— Unclassified — 
1955.) Shows how the telephone- type dial controls the 
automatic frequency- selection circuit for switching the 
R-F Oscillator to the pre-set frequency. 

MN-8086E Radio Transmitting Sets, AN/URT 2, 3,4— Automatic Band- 
switching. (7 min. — B&W— Sound — Unclassified— 1955.) 
Shows how the Radio Frequency Amplifier divides the 
frequency range into six different bands and how the 
bandswitch motor automatically selects the band that 
includes the carrier frequency. 

MN-8086F Radio Transmitting Sets, AN/URT 2,3,4-Automatic Am- 
plifier Tuning . (18 min. — B&W —Sound — Unclassified— 
1955.) Shows how the automatic amplifier tuning circuits 
tune the Intermediate Power Amplifier and the Power 
Amplifier. 

MN-8086G Radio Transmitting Sets, AN/URT 2, 3,4- Automatic Ante nna 
Tuning. (18 min. — B&W —Sound-Unclassified— 1955.) 
Shows how the RF tuner and capacitor assembly auto- 
matically tunes the antenna to the frequency that has been 
selected for transmitting. This is the last of four auto- 
matic tuning operations that take place when a new trans- 
mitting frequency has been selected. 

MN- 8086H Radio Transmitting Sets , AN/ U RT 2, 3,4- Troubleshooting . 

(12 min. — B&W— Sound — Unclassified— 1955.) Shows how 
to determine the general location of trouble in the AN/ 
URT series of transmitters. De scribe s the use of various 
lights and meters to locate trouble, the built-in test 
oscilloscope for te sting the operation of the internal oscil- 
lators and finally the external test equipment. 
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MA- 170S Radio Transmitters— Pr inciples and Typical Circuits . (18 

min.-B&W -Sound— Unclassified- 1942.) USAF TF1- 
476. Points out parts of several types of radio trans- 
mitters, describes functions, and illustrates action of 
the amplifier, microphone, and crystal oscillator. Both 
straight photography and animation are used. 

SN-2773A Naval Aircraft Radio — Introducti on to A i rborne C ommunica- 

tion Equipment. (52 frames — B &W —Silent — Equipment- 
Unclassified— 1 944. ) Shows quantities of gear needed in 
fighters, torpedo bombers, patrol bombers, and LTA 
craft. An introduction to the SN-2773 series, B through 
P. 

Chapter 12 
TRANSMISSION LINES 

MN-8814A Electronics— Special Circuits and Devices — W aveguides , 
(18 min. - B & W -Sound"- UncTas s if ied-~l 959.) This film 
presents a brief theory of propagation of energy down a 
waveguide. 

MN-2562A Transm ission Line s — Mainte nan ce of the Coaxia l Line . (28 
min. — B&W— Sound— Unclassified — 1944.) Description of 
the construction and principles of replacing and repair- 
ing coaxial transmission lines. 

MN-2562B Transmissio n Lines — Waveguides — Part 1 — Manufacture of 
Replacement Sections . (14 min. — B&W —Sound — Unclas- 
sified— 1 944.) Instructions for bending and twisting 
waveguides on both a large and portable press. 
Trimming, soldering, brazing, and shipping are also 
covered. 

MN- 1540K Radio Technician Train i ng — Standing Waves on Transmis- 
sion Lines . (23 min. — B&W —Sound — Unclassified— 1945.) 
By means of laboratory demonstrations, animated dia- 
grams, and diverse analogies, results, causes, and pre- 
vention of standing waves in radio high frequency trans- 
mission lines are discussed. 



Chapter 13 
ANTENNAS AND PROPAGATION 



SN- 1074 Directive A nt enna- Radar No. 4. (5 1 frames- B &W -Silent- 

Unclassified— 1942. ) Explains the principle of thedirec- 
tional antenna, how ultrashort waves can be reflected and 
focused into a beam, how directional antennas can be used 
for both transmitting and receiving, and shows how dif- 
ferent type directional antenna are rigged on a PBY. 

MA- 1704 Radio Antennas — Cre ati on and B eha vior of Radio Waves . 

(11 min.-B&W-Sound-Unclassified-1942.) USAF TFI- 
474. Demonstrates how electrodynamic and electro- 
static magnet fields are formed, and illustrates behavior 
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of sky and ground radio waves. Animated diagrams are 
used almost exclusively. 
MA- 1705 Radio Antennas — Fundamentals . (13 min. — B&W —Sound- 

Unclassified— 1942.) USAF TFl-475. Shows howa stand- 
ing wave is created; explains voltage and current strength 
at various areas along the antenna; shows how antenna 
length is determined, and demonstrates handling trailing 
antenna. Both straight photography and animation are 
used. 

MA-6963 Field Wire Line Construction . (24 min. — B&W — Sound- 

Unclassified— 1950.) US Army TF 1 1- 1632. By means of 
animation, shows characteristics of propagated radio 
waves at various frequencies. Action and characteristics 
of both ground waves and sky waves are shown, and ad- 
vantages and disadvantages of each discussed. Effect of 
ionospheres on the sky waves of higher frequencies is 
discussed in some length. Refraction of radio waves 
entering the ionosphere and effect of skip distance are 
shown and discussed for different frequencies and angles 
of transmission. Effects of favorable and unfavorable 
ionospheric conditions are shown. 

MN-9329A Radio Antenna Fundamentals- Part 1 . (27 min. — B&W- 
Sound-Unclassified- 1952.) USAF TF1-4801. Photog- 
raphy and animated charts technically describe radio 
transmission system. Cycle of wave length is followed 
and miracle of standing wave described, along with other 
radio antanna reception components. 

MN-9329B Radio Antenna Fundamentals — Part 2 . (16 min.-B&W- 
Sound — Unclassified- 1952.) USAF TF 1-4802. A highly 
technical film with animated charts and photographs 
covering radio transmission system in ground and air 
operations. Non-directional radiation and various anten- 
nas are discussed. 

Chapter 14 

ELEMENTARY COMMUNICATIONS RECEIVERS 



MA- 1631 Radio Receivers — Principles and Typical Circuits — Part 1. 

(17 min.-B&W-Sound-Unclassified- 1942.) USAF TF 1- 
472. Explains crystal theory and covers amplification, 
tuned radio frequency superheterodyne, and audio- 
frequency amplification. Both straight photography and 
animated drawing are employed. 

SN-652 Audio Frequency Amplification . (25 frame s — B&W -Silent- 

Unclassified— 1942.) Describes theory and practice of 
audio wave amplification. 

SN-653 Radio Frequency Amplification. ( 1 8 frame s — B &W —Silent- 

Unclassified— 1942). Describes theory and practice of 
detected radio wave amplification. 

SN-654 Reproducers . (29 frame s— B&W —Silent— Unclassified — 

1942.) Describes change of sound waves to electrical 
impulses, to radio waves and back to sound waves. 
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Reviews principles of electromagnetism and applies 
them to reproducers. Shows schematic makeup of a 
simple head phone and its operation. The dynamic type 
loud speaker is shown. 
MN- 1679B Radio Operator Training—Superheterodyne Receivers . (14 
min. — B&W — Sound — Unclassified— 1944.) Discusses 
manual procedure and principles involved in detailed 
operation of receivers; demonstrates typical errors and 
how to guard . against them. (Accompanied by film strip 
SN-1679AB) 

Chapter 15 
INTRODUCTION TO RADAR 

AND 

Chapter 16 
SPECIAL CIRCUITS 

MN-8814B Electronics — Special Circuits and Device s — Cavity Res- 
onators. (8 min.— B&W —Sound— Unclassified— 1959.) 
This film presents a brief theory of the action of energy 
in a cavity resonator. 

MN-8814C Electronics — Special Circu i ts and Devices — Saw Tooth Oscil- 
lator Circuit — Operation. (8 min. — B&W —Sound — Unclas- 
sified— 1959.) This film illustrates the action of saw- 
tooth voltage generator with neon and thyratron tubes. 

MV-9332 Microwave Oscillators. (18 min. — B&W — Sound — Unclas- 

sified- 1949. ) USAF TF 1 — 4660. Demonstrates the fac- 
tors governing the choice of an oscillator from a radar 
system designed to operate in the microwave region. The 
magnetron and klystron are the two oscillators capable 
of meeting the requirements. Theory of operation and 
uses are explained. 

Chapter 17 
ELECTRONIC TEST EQUIPMENT 



MA-7812A Circuit Testing with Meters and Multimeter s — Theory. (35 
min. -B&W -Sound— Unc lass if ied-1951.) US Army 
TF11-1666. Describes the basic principles of meters and 
multimeters and illustrates their use in the operation 
and maintenance of communications equipment. Largely 
through the medium of animation photography, the steps 
in building a meter are delineated. Included are volt- 
meter, vacuum tube voltmeter, ohmmeter, tube-tester, 
and wattmeter. The general purpose multimeter is de- 
scribed as a combination of several meters. In radio, 
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telephone, and teletypewriter troubleshooting, the meter 
is the most important and useful tool available. 
MA-7812B Circuit Testing with Meters and Multimeters — Practical 
Applications. (33 min # — B&W — S o u n d— Unclassified — 
1951.) US Army TF 11- 1667. Meters and multimeters 
are indispensable in the operation, maintenance and 
repair of electronic equipment. The equipment described 
includes: Volt-Ohm-Milliameters, the Wheatstone 
Bridge, decibel meter and the tube tester. A step by 
step procedure for using these meters is shown, followed 
by a description of how they are used in testing trans- 
formers, capacitors, resistors, telephone loop circuits, 
etc. It is emphasized that the technicians should read 
the operating manuals for this equipment, and keep them 
handy for the reference purposes. Rigorous safety prac- 
tices should be followed at all times. The film ends by 
stressing care of meters to preserve their accuracy. 

MN-8687B Reading Multimeter Scales , (6 min. — B&W — Sound — Unclas- 
sified- 1956.) US Army TF1 1-2392. Multimeter scales 
must be read correctly for effective use of the instru- 
ment in radio repair. All multimeters have similar 
scales. Using a typical multimeter, this film demon- 
strates how to read the scales to measure direct cur- 
rent, DC voltage, AC voltage, and resistance. 

MA-8688 Use of Signal Generator AN/URM-25D . (7 min.-B&W- 

Sound-Unclassified-1957.) US Army TF1 1-2441. The 
signal generator is an instrument designed to generate 
AC signals suitable for test purposes. It is used for 
trouble shooting or aligning signal communication equip- 
ment. This film explains and demonstrates the correct 
use of Signal Generator AN/URM-25D. 

MN2104B The Cathode Ray Oscilloscope . (23 min. — B&W — Sound- 

Unclassified— 1944.) Explains wide application of the 
cathode ray in making instantaneous graphs of the wave 
form of an electric current. Shows use of vertical am- 
plifiers, horizontal amplifier, sweep generator which 
furnishes the time base cathode ray tube, and power sup- 
ply. Illustrates the use of the course and fine sweep 
circuit to synchronize signals so that wave form is 
stationary. 

MN-2104A The Cathode Ray Tube-How it Works. (15 min.-B&W- 
Sound — Unclassified— 1943. ) Demonstrates construction 
and function of each part of the cathode ray tube and how 
it produces visual images on a screen. Explains electro- 
static deflection, electro-magnetic deflection, and how 
varied currents affect position of the spot of light on the 
scope. 

SN-657 Calibrating the Type LM Crystal Frequency Indicator . 

(42 frames — B&W-Silent- Unclassified— 1942.) Demon- 
strates calibration of type LM Crystal Frequency Indi- 
cator. 
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SN-658 Making Frequency Measurements with the CFI. (39 frames — 

B&W — Silent— Unclassified— 1942.) Describes steps in 
measuring radio wave frequency with the LM-CF1. 

MA-8862D Radio Set AN/GRC- 26— Part 4 — Setting up Receiver as 
Frequency Standard . (15 min. — B&W —Sound — Unclas- 
sified- 1958. ) US Army TF 1 1-2563. This film portrays 
the step-by- step procedure to set up Receiver "A" as a 
frequency standard. A demonstration frequency of 4280 
kc is used. 

MN-8086H Radio Transmitting Sets AN/URT 2, 3,4— Troubleshooting . 

(12 min. — B&W — Sound — Unclassified— 1955.) Shows how 
to determine the general location of trouble in the AN/ 
URT series of transmitters. Describes the use of vari- 
ous lights and meters to locate trouble, the built-in test 
oscilloscope for testing the operation of the internal os- 
cillators and finally the external test equipment. 



MN- 1540Q R adio Technician Training— Signal Generator Operation. 

(9 min. — B&W — Sound— Unclassified— 1945.) Use of signal 
generator in receiver alignment is subject of the picture. 
Use of modulation switch, adjustments needed to secure 
various frequencies (for example 456kc and 87MC) and 
use of alternator switch is shown. Voltmeter gives visual 
check of adjustments while earphones provide audio align- 
ment check. 

MN- 1540P Radio Technician Training— Tube Tester Operation. (9 
min. — B&W — Sound— Unclassified— 1944.) Shows testers 
designed to check (1) cathode emission, and (2) dynamic 
mutual conductance of tube. Emphasize use of instruc- 
tion book supplied with tester and of the tube manual. 
Testers are practically fool proof. Simply turn index 
scale to number of tube being tested and follow lines to 
operate appropriate control of push button. 

MN- 1540R Radio Technician Training — Audio Oscillator Operation. 

(9 min. — B&W— Sound — Unclassified— 1945.] Explains 
operation of audio oscillator and demonstrates use. 
Performance of audio oscillator is shown by checking 
an amplifier with the audio oscillator and "A" scope. 
Illustrates and explains all knob turning. 

MN- 1540S Radio Technician Training— Volt-Ohmmeter Operation . (15 
min. — B&W — Sound — Unclassified— 1944.) Demonstrates 
use of various types of volt- ohmmeters, (including the 
electronic meter) and gives cautions to be followed, such 
as using the large scale first, (R x 1000; R x 10; R 
ranges available) and connecting the voltmeter in 
parallel (Scales; 600, 300, 30, 3 volts). 

MA-8369 Cal i brating and Tuning Radio Set AN/PRC- 10. (9 min. — 

~ B&W-Sound-Unclassified-1955.) US Army TF 1 1-2181. 
Teaches the step- by- step procedure for calibrating and 
tuning Radio Set AN/PRC- 10. 
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Chapter 18 

INTRODUCTION TO COMPUTERS (PART I) 

(No applicable training films.) 

Chapter 19 
INTRODUCTION TO COMPUTERS (PART II) 

(No applicable training films.) 
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Ann 



INDEX 



Absorption wave meter, 397 
Algebraic expressions, vectors, 71-76 
A-M detectors, 246-253 
comparison chart, 252 
Amplitude- modulated radiotelephone transmit- 
ter, 275-280 
Amplitude modulation, 231-237 
bandwidth, 231 
percentage of, 232 
system* of, 232-237 
grid, 237 
plate, 233 
tone, 237 
Amplifiers, d-c, 131-147 
audio power, 155-174 
basic circuits, 137 
cathode followers, 147-152 
advantages of, 151 
analysis of, 149 
circuit operation, 147 
distortion, causes, 151 
impedance, 150 
voltage gain, 148 
double tuned transformer coupled, 139-144 

circuit formulas, 140- 143 
electron-tube, 107-130 

intermediate frequency I- F amplifier, 335, 343 
negative feedback, 133 

advantages, 134 

obtaining, 135 
paraphase, 153 
phase inverters, 152-154 
positive feedback, 136 
R-C coupled circuits, 145 

single tuned*, 1 37 

transformer, 13H 
use, d- c, 1 32 
video, 145- 147 
Analog computer, 4 19-430 
organization of, 428 
problem solving, 423-427 

addition- subtraction, 424 

division, 427 

multiplication, 426 
AN/GRC-27 transmitter- receiver, 259 
Antennas, 307- 317 

and propagation, 307-324 
basic types, 3 14 



Antenna s — C ont inued 

coupling, 317 

half- wave, 316 

radiation patterns, 316 

Hertz, 314 

Marconi, 315 

principles, 310-314 

radiation, 307- 310 

radio waves, 317-324 

tuning, 316 
Antenna system, radar, 363 
AN/PRM-1 interference locator, 404 
AN/Test Sets, (see TS- 148/UP) 
AN/URC-32 SSB transceiver, 259 
AN/URM-17 interference locator, 404 
AN/URM-24 scope, 393- 397 
AN/URM-25B signal generator, 400 
AN/URM-26 signal generator, 400 
AN/URM-47 interference locator, 404 
AN/URM-82 frequency standard, 399 
AN/USM-29 crystal calibrator, 399 
AN/USM-34 volt-ohm- ammeter, 411 
Audio power amplifiers, 155- 174 

circuits, 157 

class-A triode, 155 

decibel, gain/loss, 169 
power ratios, 170 
reference levels, 171 
voltage ratios, 171 

load line, 155 

power output, 159 

push-pull power, 165 
output, 166 

second- harmonic distortion, 160 
Audio transistor amplifiers, 201-221 

Band-elimination filters, 91 

Band-pass filter, 88 

Bias methods, receivers, 265 

Bridge rectifier circuit, 44 

Buffer amplifier, 261 

B- voltage supply, 40 

Carbon microphone, 276 
Cascade amplifier, 120 

circuits, 1 16 
Cathode follower amplifier, 147-152 
Cathode ray oscilloscope, 387- 393 
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Circuits 

a-m radio telephone transmitter, 279 
cathode followers, 147-151 
c-w transmitter, 272 
direct- coupled amplifier, 129 
f-m radio telephone transmitter, 281 
f-m tuner, 346 
oscilloscope, 390 
series-resonance, 76-82 
superheterodyne receiver, 340 
transformer- coupled voltage amplifier, 
130 

transistor, 199-227 

audio amplifiers, 201-221 
oscillator, 222-227 

T-R-F- receiver, 330 

tuned, 69- 106 

voltage multiplying, 61 
full wave, 62 
half-wave, 62 
Circuits, rectifier, 41-48 

filter, 49-52 

voltage multiplying, 61 
Circuits, special, 366-386 

clamping, 378 

connecting. 386 

counting, 384 

generating, 366 

reshaping, 369 
Clamping circuits, 378-384 

applications of, 3H2 

diode, 379 

grid, 381 

above, below ground, 381 
Classification of amplifiers, 1 12- 1 17 
Closed end transmission lines, 290 
Color coding symbols, 458 
Colpitts oscillator, 178 

transistor, 223 
Communication receivers, 325-247 
Computers, 413-417 

application of, 413 

basic types, 4 16 

capabilities, 4 1 5 

differences, 4 1 7 

limitations, 416 
Computers, analog, 419-430 

analog triangle, 420 

computing devices, 424 

division problems, 427 

general purpose, 422 

multiplication, 426 

organization of, 428 



Computers, analog— Continued 
problem solving, 423 
special purpose, 421 
Computers, digital, 431-440 
basic circuits, 440 

AND, OR, NOT, 44 1 
binary addition, 437 

flip flop use, 437 
decimal converting, 436 
number system, 431 
weighting values, 433 

binary number, 435 

digital position, 434 

significant digits, 435 
Continuous wave radar, 351 
Coupling methods, 120- 129 
direct, 129 
impedance, 125 
resistance- capacitance, 121 

H-F limit, 125 

L-F limit, 124 

middle frequency, 122 
transformer, 126 

H-F limit, 126 

L-F limit, 126 

middle frequency gain, 126 
Crystal microphone, 278 
Current, voltage ratios, decibels, 171 
C-W transmitter, 260-275 
bias methods, 265 
buffer amplifier, 261 
capabilities, 274 
circuitry, 273 
electron tubes, 266 
oscillator, 260 
power amplifier, 263 
transmitter and power supply, 273 
tuning, 274 

Data processing system, IBM, 414 
Decibels, 169 

ratios, formulas, 170 

use of, 173 
Demodulation, 244-252 

A-M waves, 244-252 

F-M waves, 253 
Detectors, 246-257 

A-M, 246-253 

F-M, 253-257 

superheterodyne, 333 
Development of radar, 351 
Digital computers, 431-443 

input, output devices, 444 

464 
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Digital computers — Continued 
organization of, 442 
units, 44 3 
Diodes, 2-4 
action of, 3 
crystal, 34 
detector use, 246 
P-N junction, 27 

depletion layer, 28 

intrinsic conduction, 29 
transistor, 27-24 
types, uses, 34 

comparison, 31 

point contact, 33 

ratings, 34 
Diodes, semiconductor, 27-34 
biased junctions, 29 

forward, 30 

reversed, 30 
electron tube comparison, 31 
maximum ratings, 34 
PN junction, 27 
point contact, 33 
types, uses, 34 
Direct current amplifiers, 131-147 
Distortion in amplifiers, 117-119 
amplitude, 118 
frequency, 117 
miscellaneous, 1 19 
phase, 117 
Dynamic microphone, 277 

Earphones, 329 

Zccles- Jordan multivibrator, 226 

oscillator, 189 
Electronic color codes, 450 
Electronic equipments 

electromechanical power systems, 65-68 
grid-bias voltages, 62-62 

voltage dividers and bleeders, 58-60 
voltage- multiplying circuits, 61 
voltage regulation, 52-57 
power supplies, 40-68 
Electronic switches, 394 
Electronic test equipment, 387-412 
absorption wave meter, 397 
A-F signal generator, 401 

capacitance- inductance resistance bridges, 
407 

cathode ray oscilloscope, 387-393 
application of, 392 
cathode- ray tube, 387 
circuits, 390 



Electronic test equipment — Continued 
cathode ray oscilloscope — Continued 

schematic, 391 
electronic switching, 394 
electron- ray tube, 395 
frequency standards, 399 
grid-dip meter, 398 
L-M frequency meter, 399 

radio- interference field-intensity meter, 403 
R-F signal generator, 400 
spectrum analyzer, 406 
synchroscope, 393 

components, 393 
tube testers, 408 
volt-ohm ammeter, 410 

error in, 410 

voltmeter, 411 
Wien bridge A-F oscillator, 403 
Electron- ray tube, 396 

Electron tube amplifier circuits, 131-154 
Electron tube amplifiers, 107-130 
bias, classification, 113 

class A and B, 113 

class AB, 1 14 

class C, 1 14 
circuit configuration, classification, 115 

cascode, 1 16 

grounded-cathode, 115 

grounded grid, 115 

grounded plate, 116 
coupling methods, 120 

high frequency limit, 125 

low frequency limit, 124 

middle frequency gain, 122 

resistance- capacitance, 121 
direct coupling, 129 
distortion in, 1 17 

amplitude, 118 

frequency, 117 

hum, 119 

phase, 1 17 
frequency, classifications, 114 
impedance coupling, 125 
resonant quality, classifications, 117 
transformer coupling, 126 

circuitry, 127 

low- frequency limit, 126 

middle frequency gain, 126 
triode amplifier, 107 

cathode bias, 1 1 1 

characteristics, 109 

circuit analysis, 108 

coupling capacitor, 1 1 1 
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Electron tube amplifiers — Continued 
triode amplifier — Continued 

grid resistor, 111 

voltage gain, 1 10 
Use, classification, 112 

power, 112 

voltage, 112 
Electron tube, principles, 1-19 
diodes, 2-4 
emitters, 4 

types of emission, 6 
gas-filled, 17- 19 
high frequency, 15-17 
multielement, 12 

beam-power, 14 

multigrid, 16 

multiunit, 15 

pentodes, 13 

tetrodes, 12 

variable MU, 15 
triodes, 7-16 

amplification, 8 

capacitance, 11 

characteristics, 9 

distortion, 10 
Electron-tube voltmeter, 411 
Emission, types of, 6 
photoelectric, 7 
secondary, 7 
thermionic, 7 
Emitters, 4 
heating of, 5 
temperature curves, 5 
tungsten, 4 

Fading, 322 

Feedback amplifiers, 133-136 
Filter circuits, 49-52 

capacitance type, 50 

inductance, 51 

L- section, 52 

Pi-section, 51 
Filters, 81-95 

band elimination, 91 

band pass, 88 

wave traps, 95 
Flip-flop multivibrator, 226 

computer use, 437 
F-M detectors, 253-257 

F-M radiotelephone transmitter, 281-284 
circuitry, 281 
frequency multipliers, 283 
operation, 283 



F-M radiotelephone transmitter — Continued 

power amplifier, 284 

schematic diagram, 282 
F-M receivers, 341-345 

automatic frequency control, 346 

block diagram, 342 

discriminator, 346 

I-F amplifier, 343 

limiter, 344 

R-F section, 341 
F-M tuners, 346 

circuit, 347 
Free- running multivibrator, 224 
Frequency modulation, 237-244 

degree of, 239 

F-M sidebands, 237 

systems of, 239-242 

capacitor-microphone, 240 
phase, 242 
reactance-tube, 240 
Frequency modulation transmitters, 239 
FR-47/0 frequency meter, 400 

Gas diodes, 18 
Gas filled tubes, 17 
Generators, 400 

A-F signal, 401 

R-F signal, 400 
Grid bias voltages, 62-64 

B supply, 62 

fixed bias, 64 
Grid leak detector, 249 
Generating circuits, 366 

local oscillator, 368 

nonsinusoidal waves, 366 
peaked, 367 
sawtooth, 367 
square, 366 

repetition- rate oscillator, 368 

Half-wave antennas, 316 
Hartley oscillators, 176- 178, 198 

transistor, 222 
Hertz antenna, 314 
Heterodyne detector, 252 
H~F communications, 321 
H-F compensations, amplifiers, 145 

IBM 705 data processing system, 4 14 
Impedance, 292 

antenna input, 312 

cathode follower, 150 

microphones, 275 
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Impedance— Continued 

transmission line, 292 
Induction field, antennas, 309 
Inductively coupled tuned circuits, 95 
Insulators, metallic, 303 
Interference, measuring, locating, 405 
Intermediate frequency amplifier, 335, 343 
Inverters, 67 

Ionosphere effect, waves, 320 

J unction transistors, 36 

comparison, electron tube triode, 37 

NPN, 37 

PNP, 36 
Junctions, biased, 29 

forward, 30 

reversed, 30 

Keying systems, transmitters, 270 

L-F compensation, 146 
Lines, transmission, 285-306 

lecher lines, 301 

nonresonant, 291 

quarter-wave, 304 

resonant, 291 

R-F measurements, 300 
Load line, amplifiers, 155 
Long range communications, H-F, 321 

Magnetic microphone, 278 
Marconi antenna, 315 
Meters, 398-403 
grid-dip, 398 
radio- interference, 403 
wave meter, 397 
Microphones, 275-278 
carbon, 276 
crystal, 278 
dynamic, 277 
magnetic, 278 
Modulation, demodulation, 230-257 
A-M detectors, 246 

comparison chart, 252 
diode, 246 
grid leak, 249 
heterodyne, 252 
plate, 250 
regenerative, 251 
amplitude modulation, 231-237 

demodulation comparison, 245 
degree of, 239 
F-M detectors, 253 
discriminator, 254 



Modulation, demodulation— Continued 
F-M detectors — Continued 

ratio, 254 

slope, 253 
frequency modulation, 237-244 
phase, 242 

wave demodulation, 244 
Multielement tubes, 12 
Multiple refractions, 322 
Multivibrators, 188- 192 

free running, 224 

switch use, 394 

transistor, 224-227 

Neutralization, 267 
Numbers, complex, 74-76 

One- shot multivibrator, 225 
Open end transmission lines, 288 
Oscillators, 175-198 

blocking, 197 

Colpitts, 178 

crystal controlled, 183-185 

C-W transmitter, 260 

Eccles- Jordan, 189 

electron coupled, 181 

Hartley series fed, 176 
self- pulsing, 198 
shunt-fed, 178 

inductance- capacitance, 175 

multivibrators, 188-192 
synchronizing of, 192 

negative resistance, 182 

push-pull, 181 

resistance- capacitance, 186 

tickler-feedback, 175 

tuned plate/grid, 180 

ultra- audion, 180 

Wein bridge, 194- 196 
Oscillator circuits, 222-227 
Oscillations, parasitic, 269 
Oscilloscope circuits, 390 

cathode ray, 390 
OS-8C/U oscilloscope, 393 

Parallel resonant circuits, 85 
Phase inverters, 152 

electron tube, 153 

transformer, 152 
Plate detector, 250 
Polarization, antennas, 314 
Polar vectors, 75-78 

Power supplies, electronic equipments, 40-68 
B voltage supply, 40 
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Power supplies, electronic equipments — 
Continued 

electromechanical power source, 65-67 

dynamotors, 65 

inverters, 67 

vibrators, 66 
filter circuits, 49-52 
grid-bias voltages, 62 

fixed bias supply, 64 

from B supply, 63 
rectifiers used, 41-47 

bridge, 44 

copper- oxide, 47 

full-wave, 43 

half- wave, 4 1 

mercury- vapor, 45 

metallic, 47 

selenium, 48 

silicon diodes, 48 

voltage multipliers, 62 

voltage regulation, 52-57 
PP1 presentation, 356 
Piezoelectric effect, 183 
Problem solving computers, 423 
Pulse modulation, radar, 351 
Push-pull oscillator, 181 

Quality or "Q", 78 
guarter-wave lines, 304 

Radar, 348- 3*65 

altitude determination, 356 
auxiliary equipment, 357 
bearing determination, 354 
detecting methods, 351 
development of, 351 
functional concepts, 358 
operating principle, 348 

radio wave reflection, 349 

sound wave reflection, 349 
range determination, 353 
receiver block diagram, 364 
search, 357 
transmitter, 362 
types of presentation, 352 

scans, 353 
uses of, 352- 358 
Radar systems, 359-361 
antenna, 363 
carrier frequency, 359 
power relation, 360 
power supply, 365 

block diagram, 359 



Radar systems — Continued 

transmitter, receiving system, 361 
pulse repetition frequency, 359 
pulse width, 360 

Radiation pattern (half- wave antennas), 316 

Radio receivers, 325-331 
F-M, 34 1 

superheterodyne, 331- 345 

T-R-F, 325- 331 

Tuners, F-M, 346 
Radio telephone transmitters, 275-284 

amplitude- modulated, 275-280 

frequency- modulated, 28 1-284 
Radio waves, 317-324 

atmosphere effect on, 32 3 

daylight effect, 321 

fading, 322 

frequency blackouts, 322 
general use of, 324 
ground wave, 319 
H-F, 321 

ionosphere effect, 319 

refraction of, 322 

sky wave, 3 19 

V-H-F, U-H-F, 323 
Ratio detector, 254 
Rectifier circuits, 41-48 

bridge, 44 

full wave, 43 

half-wave, 41 

mercury- vapor, 45 
copper-oxide, 47 
metallic, 47 

selenium, 48 

silicon diodes, 48 
Rectifier-filter regulator-divider circuit, 

59 

Regenerative detector, 251 
Repetition rate oscillators, 368 
Reshaping circuits, 369- 375 
clamping, 378-384 
differentiator and integrator, 375 
sine wave input, 376 
square-wave input, 376 
limiting, 369 

application of, 374 
cutoff, 374 
diode, 369 
grid, 371 

overdriven amplifier, 374 

saturation, 372 
Resistance-coupled amplifiers, 121 
Resonance in lines, 291- 306 
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Scalar quantities, 71 
Scanning, radar, 352 
Search radar, 357 
Semiconductor diodes, 27-34 
Semiconductor triodes, 34- 39 
Series resonant circuits, 76 

comparison of, 86 
Sky wave, 319 

ionosphere effect, 320 
Slope detector, 253 

Soldering, repairing circuit components, 227- 
229 

Spectrum analyzer, 406 
Superheterodyne receivers, 331 

automatic gain controls, 337 

beat-frequency oscillator, 339 

block diagram, 331 

circuit, 339 

crystal filter, 335 

first detector, 333 

F-M receivers, 341 

heterodyne principle, 334 

I-F amplifier, 335 

noise limiter, 338 

R-F amplifier, 332 

second detector, 336 
Switch, electronic, 394 
Synchroscope, 393-397 

Test equipment, 387-412 

absorption wave meter, 397 
A-C bridges, 407 
A-F signal generator, 401 
ammeter, volt, ohm, 410 
cathode-ray oscilloscope, 387 
electronic switch, 394 
electron- ray tube, use, 396 
grid-dip meter, 398 
IM frequency meter, 399 
R-F signal generator, 400 
radio interference meter, 403 
spectrum analyzer, 406 
tube testers, 408 
Transformer-coupled voltage amplifier, 126 
Transformer phase inverter, 152 
Transistor audio amplifier, 201-222 
basic circuits, 201-207 

class A audio, 206 

electron tube, 203 

grounded-base, 202 

grounded- collector, 205 

grounded-emitter, 201 
cascade amplifier, 219 



Transistor audio amplifier— Continued 
cascade amplifier— Continued 

single- ended, 219 

push-pull, 219 
circuit analysis, 207-218 

bias, 208 

capacitors, 213 

load line, resistance, 207 

temperature effects, 208-212 

voltage, current distribution, 214-219 
Transistor circuits, 19^-227 
amplifiers, 201-221 
blocking oscillator, 227 
characteristics, 199 

current gain, 199 

voltage gain, 200 
oscillator, 222-227 
power supplies, 229 
servicing techniques, 227 
Transistor oscillators, 222-227 
blocking, 227 
Colpitts, 223 
Hartley, 222 
multivibrators, 224-226 

flip-flop, 226 

free- running, 224 

one- shot, 225 
tickler feedback, 222 
Transistors, 20-38 
atomic structure, 20 
conductors, insulators, 22 
current types, 2 3 
diodes, semi-conductor, 27-34 

biased junctions, 29 

comparison of, 31 

point contact, 33 

PN junction, 27 
impurity donors, acceptors, 24-27 

charges in, 25 

current flow-N-type, 26 

current flow P-type, 27 

N-type materials, 24 

P-type materials, 25 
junction, 26- 39 

comparison of, 37 

NPN type, 37 

PNP type, 36 
point contact, 35 
triodes, semiconductor, 34-39 
valence bonds, 21 
Transmission lines, 285-306 
characteristic impedance, 285 

formula for, 286 
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Transmission lines— Continued 
lecher lines, 30 1 
line reflections, 288-291 

closed end, 290 

open end, 288 
measurements, R-F, 300 

wavelength, 301 
quarter-wave lines, 304 

filters, 305 

impedance matching, 305 
resonant lines, 291- 306 
application of, 302- 306 
closed end, 293 

impedance- matching devices, 303 

metallic insulators, 303 

open end, 29 1 

reactance terminated, 294 

standing- wave ratio, 294 
types of, 295-300 

air coaxial, 296 

parallel 2-wire, 295 

shielded pair, 296 

solid coaxial, 297 

twisted pair, 296 

waveguides, types, 297 
wave motion on, 287 
Transmitters, 258-284 

A-M radiotelephone, 275-280 
C-W transmitter, 260-274 

bias methods, 265 

circuit, C-W, 272 

oscillator, 260 

power amplifier, 263 

tuning, 274 
electron tubes, 266 
F-M radiotelephone, 281-284 
keying systems, 270 
microphones, 275-278 
parasitic oscillations, 269 
plate neutralization, 267 
T- R-F receivers, 325-331 
characteristics, 330 
block diagram, 326 
circuit, 330 
components, 325 

A-F section, 328 

detector, 327 

loudspeakers, earphones, 329 

R-F section, 325 
Triode amplifiers, 107-112 
Triodes, semiconductor, 34-39 
point contact transistors, 35 

current gain, 36 



Triodes, semiconductor — Continued 
point contact transistor s— Continued 
hole injection, 36 
Triodes, tubes, 7-16 
TS-148/UP spectrum analyzer, 407 
TS-186/UP signal generator, 399 
TS-239/UP A-F generator, 402 
TS-382 A/U audio oscillator, 403 
TS-382 C/U signal generator 20-20,000 cps, 
400 

TS-433 B/U electronic switch. 394 
TS-480/U R-F generator, 397 
TS-535/U A-F generator, 17-39, 402 
TS-587A/U radio interference & field intensity 

meter, 403 
Tubes, 1-19 

beam power, 14 
cathode ray, 387 
characteristics, 5-7 
electron- ray, 395 
multielement, 12 
multigrid, 16 
variable-mu, 15 
Tuned circuits, 69-106 
application of, 87 
circuit characteristics, 86 
inductively coupled, 95 
parallel impedance, 85 
parallel resonance, 82 
circuit loading, 85 
conditions required, 82 
formulas, 83 
parallel-tuned, 70 
series resonance, 76 
application of, 82 
conditions required, 76 
Q, (formulas), 78-82 
tuned secondary, 97- 106 
tuned- primary, 98 
untuned primary, 97 
use as filters, 88-95 
band- elimination, 91 
band-pass, 88 
wave traps, 95 
vectors, 71-76 

mathematics of, 74-75 
Tuned circuits, as filters, 88 
Tuners, F-M, 346 
TV-3B/U tube tester, 408 



U-H-F communications, 323 
Ultra-audion oscillator, 180 



Untuned-primary tuned secondary circuit, 9 

Vectors, calculations, 72-76 
alegebraic expressions, 71-75 
complex numbers, use of, 74 
graphical presentation, 72 
operator J, 72 
polar forms, 75 

addition, subtraction, 75 
multiplication, division, 76 
rectangular, polar forms, 74 
conversion techniques, 75 
V-H-F communications, 323 
Vibrators, 66 

Voltage dividers and bleeders, 58-61 
Voltage- multiplying circuits, 61 
Voltage regulators, 53-57 

amperite, 54 

crystal diode, 55 

electron- tube, 56 

glow-tube, 54 

improved type, 57 
Voltmeter, electron tube, 411 



Waveguides, 297-300 

coupling, 299 

hollow, advantages, 297 
disadvantages, 298 

transmission modes, 299 
Waveforms, 387 

current and voltage, 49-52 
Wavelength measurements, 300 
Wavemeter absorption, 397 
Waves, 317-324 

daylight effect on, 321 

general use of, 324 

ground, 319 

nonsinusoidal, 366 

sky, 319 

sound, reflection, radar, 348 
V-H-F, U-H-F, 323 
Wavetraps, 95 

Wein-bridge oscillator, 194-196 

ZM-ll/U capacitance, inductance, resi 
bridge, 408 
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